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ABSTRACT 

A review and summary of the available information on steam generator tubing failures and the 
impact of these failures on plant safety is presented. The following topics are covered: pressurized 
water reactor (PWR), Canadian deuterium uranium (CANDU) reactor, and Russian water 
moderated, water cooled energy reactor (VVER) steam generator degradation, PWR steam 
generator tube ruptures, the thermal-hydraulic response of a PWR plant with a faulted steam 
generator, the risk significance of steam generator tube rupture accidents, tubing inspection 
requirements and fitness-for-service criteria in various countries, and defect detection reliability 
and sizing accuracy. 

A significant number of steam generator tubes are defective and are removed from service or 
repaired each year. This wide spread damage has been caused by many diverse degradation 
mechanism, some of which are difficult to detect and predict. In addition, spontaneous tube 
ruptures have occurred at the rate of about one every 2 years over the last 20 years, and incipient 
tube ruptures (tube failures usually identified with leak detection monitors just before rupture) have 
been occurring at the rate of about one per year. These ruptures have caused complex plant 
transients which have not always been easy for the reactor operators to control. Also, nuclear 
power plant design basis accidents, such as a main steam line break, may cause multiple failures 
of badly degraded steam generator tubes. Our analysis shows that if more than 15 tubes rupture 
during a main steam line break, the system response could lead to core melting. Although 
spontaneous and induced steam generator tube ruptures are small contributors to the total core 
damage frequency calculated in probabilistic risk assessments, they are risk significant because the 
radionuclides are likely to bypass the reactor containment building. The frequency of steam 
generator tube ruptures can be significantly reduced through appropriate and timely inspections and 
repairs or removal from service. However, a continuing issue has been exactly what constitutes 
an appropriate and timely inspection and which degraded tubes are still fit for service. There have 
been many different approaches to this problem throughout the world. Also, the most widely used 
inspection equipment is not able to detect and size all the degradation of concern. 
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EXECUTIVE SUMMARY 

Introduction. 

The steam generators in the pressurized water 
reactor (PWR), Canadian deuterium uranium 
(CANDU) reactor, and Russian water moderated, 
water cooled energy reactor (VVER) plants are 
large heat exchangers that use the heat from the 
primary reactor coolant to make steam in the 
secondary-side to drive turbine generators. The 
primary reactor coolant passes through the tubes 
and boils water on the outside of the tubes 
(secondary-side) to make steam. The design 
confines radioactivity from neutron activation or 
fission products to the primary coolant during 
normal operation. However, the primary reactor 
coolant is at a higher pressure than the secondary 
coolant, so any leakage from defects in the tubes 
(or in the VVER collectors or PWR tubesheets) 
is from the primary to the secondary-side, and 
rupture of the heat exchanger tubing can result in 
release of radioactivity to the environment 
outside the reactor containment through the 
pressure relief valves, the condenser off-gas, or 
other paths in the secondary system. 

Steam Generator Degradation. 

To prevent the release of radionuclides, the steam 
generator tubing must be essentially free of 
cracks, perforations, and general deterioration. 
However, widespread degradation of the steam 
generator tubes has occurred at a number of 
plants. As a result, about one-half of the PWR 
nuclear power plants in the world have been 
removing from service (plugging) or repairing 
(sleeving) steam generator tubes in any given 
year. The number of steam generator tubes 
plugged per year during the last few years has 
ranged from about 10,000 to 12,000 tubes. A 
total of about 48,000 tubes had been sleeved by 
the end of 1994. These data indicate that at any 
given time, and prior to their tubes being sleeved 
or plugged, a significant number of the PWR 
plant steam generators are operating with tubing 
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defects near, or beyond the limits set by their 
country. 

The relative impact of the tube degradation 
mechanisms on overall PWR steam generator 
performance has dramatically changed over time. 
Phosphate wastage was the major cause of tube 
failures in PWR steam generators until about 
1976. From 1976 to about 1979, denting was the 
major cause of PWR steam generator tube 
failures. After about 1979, a variety of corrosion 
mechanism became important, including outside 
diameter stress corrosion crackinghtergranular 
attack (ODSCC/IGA) and pitting on the outside 
diameters of the tubes and primary water stress 
corrosion cracking (PWSCC) on the inside 
surfaces. Fretting damage became more apparent 
after about 1983. In 1994, ODSCC (42%), 
PWSCC (22%), and fretting (4%) accounted for 
about 68% of all the tubes plugged. However, 
the degradation mechanism is unknown for a 
significant number of defective tubes (about 
30%). Over 50% of the PWR units worldwide 
have now reported some occurrence of tube 
fretting wear. Not all steam generators are de- 
grading equally. At least 14 plants have each 
plugged and sleeved over 2,000 steam generator 
tubes. However, some plants report no prob- 
lems, even after 5 years of operation (7-10% of 
the plants report no problems after 5 years of 
operation). 

Most of the PWR and CANDU steam generator 
tubes which have failed over the years have been 
mill-annealed Alloy 600 tubes. However, some 
failures of thermally treated Alloy 600 tubing 
have been reported, primarily due to fretting and 
denting; degradation mechanisms due to the 
design of the support plates and antivibration bars 
(AVBs) and the presence of loose parts, rather 
than the tubing material. There have also been 
failures of thermally treated Alloy 600 tubing due 
to primary and secondary-side stress corrosion 
cracking, primarily in plants with roll-transitions. 
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The Monel-400 tubes have also been susceptible 
to pitting degradation. Tubes made of Alloy 
800M and Alloy 690 have been resistant to stress 
corrosion cracking and have exhibited relatively 
few failures. However, there have been Alloy 
800M tubing failures due to wastage and fretting 
in the older Siemens/KWU steam generators. 

PWSCC is an intergranluar cracking mechanism 
requiring at least the following conditions to be 
present: 

high applied or residual tensile stress or 
both (near the yield strength), 

a corrosive environment (high temperature 
water), and 

susceptible tubing microstructure (alloy 
content and few intergranular carbides). 

PWSCC occurs at locations on the inside surfaces 
of recirculating steam generator (RSG) tubing 
with high residual stresses. These locations are 
primarily the expansion-transition regions in the 
tubesheets, the U-bend regions of the tubing in 
the inner rows (i.e., the tubes with a small bend 
radius), and any dent locations at the tube 
support plate, tubesheet, or sludge pile 
elevations. Both axial and circumferential cracks 
can occur at some expansion-transition and dent 
regions. An axial PWSCC crack will generally 
leak before the critical crack size for rupture is 
achieved; however, the evolution of circumfer- 
ential cracks is not known and they are usually 
plugged or sleeved upon detection. Tubes with 
axial cracks have ruptured before the leakage was 
detected. 

Approximately 14,180 RSG tubes with PWSCC 
at or near the expansion-transitions have been 
plugged at 85 plants, as of December 1993. 
Tubes with PWSCC have also been sleeved at 17 
plants. Approximately 8,430 RSG tubes with 
PWSCC in the U-bend regions have also been 
plugged at 63 plants. Fifty-three PWR plants 
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have experience both expansion-transition and U- 
bend PWSCC and tubes with PWSCC at dents 
have been plugged at, at least five plants. 

ODSCC is a degradation mechanism which 
includes both intergranular stress corrosion 
cracking (IGSCC) and IGA on the outside 
surfaces of the tubing. IGSCC requires the same 
three conditions as PWSCC: tensile stress, 
material susceptibility, and a corrosive environ- 
ment (in this case, high-temperature water con- 
taining aggressive chemicals). IGA is a similar 
form of attack but, unlike IGSCC, it can occur 
without large tensile stresses present. The cracks 
caused by IGSCC can be single cracks or 
networks of multiple cracks generally oriented 
normal to the maximum principal stress. The 
IGA is characterized by a relatively uniform 
attack on all the grain boundaries in a particular 
area. Often, IGA is a precursor to IGSCC. 
Most outside diameter stress corrosion cracks are 
primarily oriented in the axial direction, how- 
ever, significant circumferential cracking has 
been observed in the expansion-transition region 
of the tubing in some steam generators and 
circumferential ODSCC is sometimes found near 
dents. Shallow circumferential cracks may some- 
times occur in the IGA affected regions pro- 
ducing a grid-like pattern of axial and circumfer- 
ential cracks termed “cellular corrosion. ” 

ODSCC strongly depends on the concentration of 
corrosive impurities in the steam generator. The 
impurities are brought into the steam generator 
with the feedwater at low concentrations as a 
result of condenser in-leakage, makeup water 
system impurities, corrosion of piping and heat 
exchanger equipment, and condensate polisher 
leakage. The bulk boiling process concentrates 
the impurities over time in the steam generator 
coolant and even higher impurity concentrations 
form in the tubesheet and tube support plate 
crevices, the sludge pile, and occasionally 
between tubes in the upper free-span regions 
where crud collects. The impurities concentrate 
in these regions because the coolant circulation is 
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poor and local boiling or dryout (steam 
blanketing) occurs. 

Approximately 14,140 RSG tubes with ODSCC 
at the tube support plate locations have been 
plugged at 63 PWR plants, as of December 1993. 
Approximately 13,860 RSG tubes with ODSCC 
in the tubesheet crevice and sludge pile regions 
have also been plugged at 75 PWR plants (49 
PWR plants have had both tube support plate and 
tubesheet ODSCC repairs). Tubes with ODSCC 
have also been sleeved at 25 plants. This 
degradation has occurred primarily in Combus- 
tion Engineering (8 plants) and Westinghouse- 
type plants (79 plants) with Alloy 600 mill- 
annealed tubing. Only one tube with ODSCC 
has been found in the SiemensKWU steam 
generators with Alloy 800M tubing and only one 
plant with thermally treated Alloy 600 tubing has 
reported ODSCC. The only CANDU plant with 
extensive ODSCC has been Bruce-A2 where 
1,399 tubes failed (were plugged) due to lead 
assisted stress corrosion cracking. The most 
extensively degraded steam generators have had 
as many as 40 to 56% of all their tubes plugged 
or sleeved as a result of ODSCC and have been 
replaced at a number of plants (or in some cases, 
the plants have been shut down). However, 
similar steam generators (same model number) at 
other plants have experienced only a few percent 
failures due to ODSCC. 

The major stressor infretting and wear is flow- 
induced vibration. Tube vibration can be 
induced by fluid cross flow or by parallel flow. 
Initiation, stability, and growth characteristics of 
damage by these mechanisms may be functions of 
a large number of variables, including support 
locations, stiffness of the supports, gap size 
between tube and support, secondary flow 
velocities and directions, and oxide layer 
characteristics. 

designs at 17 plants (Westinghouse models F, 
44F, and 51F and Mitsubishi Heavy Industries 
Model 51F) as well as in the earlier model steam 
generators. Steam generator tubes have also 
been plugged due to AVB (batwing or vertical 
strap) weadfretting at, at least seven Combustion 
Engineering designed plants and one CANDU 
plant. AVB weadfretting has also occurred in 
most of the older SiemensKW RSGs. At least 
841 tubes have been plugged because of loose 
parts damage in 78 plants, although most of these 
plants (44 plants) have plugged less than 10 tubes 
each. 

Pitting is a degradation mechanism appearing as 
groups of smalldiameter wall penetrations 
resulting from local corrosion cells. It is prob- 
ably promoted by the presence of chloride or 
sulfate acids. Condenser leaks and leakage of 
beads, resin fines, or regeneration chemicals 
from ion exchangers can introduce impurities 
such as chlorides and sulfates, which result in 
local acidic conditions conducive to pitting. 
Oxidizing conditions and the presence of copper 
are probable accelerators. Significant pitting was 
first reported in an operating PWR steam 
generator about 1981. As of December 1993, 
only 11 PWR plants with RSGs had plugged 
tubes because of pitting and a few other plants 
had reported minor pitting degradation of 15% 
throughwall depth or less. However, a few 
plants have experienced significant pitting 
degradation. 

The term denting describes the mechanical 
deformation or constriction of a tube at a carbon 
steel tube support plate intersection or within the 
tubesheet caused by the buildup of deposits and 
the growth of a voluminous support-plate or 
tubesheet corrosion product in the annulus 
between the tube and support plate or tubesheet. 
Dents do not themselves result in tube wall 
penetration or reduction in wall integrity. 

There have been 4,633 tubes plugged because However, denting at some plants has been 
AVB weadfretting, mostly in Westinghouse-type sufficiently severe that it caused structural 
steam generators. This damage has occurred in damage to the tube supports and denting is a 
the more recent Westinghouse steam generator concern because even small dents can induce 
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tensile stresses above yield strength in the tube 
wall. As a result, these tubes may be subject to 
PWSCC or IGSCC at the dents during 
subsequent operation. As of December 1993, 
1,471 RSG tubes at 41 plants (4 Combustion 
Engineering and 37 Westinghouse-type plants) 
had been plugged because of tubesheet and 
sludge pile denting, and 9,092 RSG tubes at 17 
plants (4 Combustion Engineering and 13 
Westinghouse-type plants) had been plugged 
because of support plate denting. 

High-cycle fatigue occurs in steam generators 
with high recirculation flow factors (causing 
flow-induced vibrations in the U-bend region) 
and improper AVB support. A high mean stress 
(e.g., residual stress) or a tube defect (fretting 
mark or crack) significantly reduces the fatigue 
strength. High-cycle fatigue ruptures have 
occurred in the U-bend regions of the North 
Anna Unit 1 and Mihama Unit 2 steam 
generators. These ruptures were located high up 
in the steam generator where the leak location 
can more readily become uncovered by 
secondary water. This can allow escape of 
fission products from the primary coolant without 
partitioning in the secondary water. 

Most of the earlier tube failures in CANDU 
steam generators tubed with Alloy 600 have been 
due to high-cycle fatigue. These failures were 
caused by flow-induced vibration and were 
initiated at either fret marks at the land area of 
the upper trefoil tube support plates or more 
recently at stress corrosion cracks on the outside 
surfaces in the U-bend area and at the seventh 
support plate. These failures continue to occur in 
the older CANDU steam generators. The 
resulting fatigue cracks were circumferential, but 
did not lead to a tube rupture. 

Once-through steam generators in the United 
States (U.S.) use the same Alloy 600 tubing 
materials as RSGs, yet these steam generators 
have experienced substantially fewer tube fail- 

ures. 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 once-through steam generators, as they 
do in RSGs. Failures have occurred in once- 
through steam generators due to erosion- 
corrosion, environmentally assisted high-cycle 
fatigue and low-temperature primary-side stress 
corrosion cracking. 

The VVER tubing has been relatively trouble 
free; however, the collectors in the WER-lo00 
steam generators have been a problem. As of 
July 1993, 33 steam generators at 8 WER-lo00 
plants had been replaced because of failure or the 
potential of failure of the cold collectors. 
Unfortunately, many (most) of the replacement 
steam generators are not significantly different 
than the original equipment so additional 
cracking is expected. The collector cracks and 
crack propagation rates can be large. Cracks up 
to 1,000 mm (40 in.) in length have been found 
and crack propagation rates up to six ligaments 
per operating cycle have been observed. 

PWR and CANDU steam generator shell, 
feedring, feedwater nozzle and divider plate 
degradation has also occurred and is discussed in 
the report. Erosion-corrosion of the VVER 
feedwater distribution systems is also discussed. 

Steam Generator Tube Ruptures. 

Ten steam generator tube ruptures have occurred 
over the past 20 years at a rate of about 1 rupture 
every 2 years. In addition, incipient tube rupture 
events have been occurring in the U. S . at the rate 
of about once a year in recent years. Five 
different tube degradation mechanisms caused the 
ten ruptures: three ruptures were caused by 
ODSCC, two ruptures were caused by high-cycle 
fatigue, two ruptures were caused by loose part 
wear, two ruptures were caused by PWSCC, and 
one rupture was caused by wastage. 
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The rupture locations have generally been either 
just above the tubesheet (three ruptures), or in 
the U-bend region (six ruptures). Only the 
McGuire rupture was near one of the lower 
support plates. (Although the Palo Verde Unit 2 
rupture was in the U-bend region, it was in the 
straight portion of a row 117 tube between the 
08H and 09H partial support structures.) The 
ruptures caused by loose parts wear have 
occurred just above the tubesheet whereas the 
ruptures caused by high-cycle fatigue have 
occurred just above the top tube support plate. 
Any future ruptures caused by those mechanisms 
will probably occur in the same locations. 

The size and shape of the ruptures varies. Seven 
of the ruptures were axial cracks ranging in size 
from 32 to 250 mm (1.25-10 in.) in length. 
Some of the axial crack ruptures became so 
called “fishmouth” openings (4 tubes). Two of 
the ruptures were 360-degree circumferential 
breaks and one rupture consisted of two adjacent 
bulges, each about 20 mm (0.75 in.) long. The 
ten ruptures caused leak rates that ranged in size 
from 425 Umin (1 12 gpm) to 2,900 Umin (760 
e m ) .  

During a tube rupture transient, the reactor 
operators are expected to (a) maintain the 
primary coolant subcooled, (b) minimize the 
leakage from the reactor coolant system to the 
faulted steam generator secondary side, and (c) 
minimii the release of radioactive material from 
the damaged steam generator. The success of the 
reactor operators has been mixed, some were 
slow to understand what was occurring, slow to 
start reducing power, and slow to isolate the 
defective steam generator. Others reduced power 
and isolated the faulted steam generator 
promptly. Some operators were slow to cool and 
depressurize the primary system, others took 
prompt action. The result was that the faulted 
steam generators were overfilled in a number of 
cases and more radioactive material was released 
to the environment than necessary, 
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Despite these variations in timing, it should also 
be noted that in all cases the plants were properly 
cooled down and the radioactive material releases 
were small and well below regulatory limits. 
Also, the operator performance was sometimes 
hampered by inadequate Emergency Operating 
Procedures (Palo Verde, for example) or by 
defective equipment (Mihama, for example). At 
other times, the operators were hampered by 
plant conditions that did not allow rapid employ- 
ment of Emergency Operating Procedures. 
There are still numerous reasons for (a) 
continued operator training on steam generator 
tube ruptures, and (b) training on the recognition 
of events based on the indications that are 
available. 

For some of the incipient steam generator tube 
rupture events, the operators were able to quickly 
shut down the reactor and isolate the defective 
steam generator. (In other cases, the cracks 
stopped growing for unknown reasons.) These 
actions limited the contamination of the 
secondary coolant and may have prevented actual 
tube rupture. Also, some of these events 
demonstrated how quickly very low leak rates 
can increase as the crack grows. Leak rate 
monitoring programs that provide close to real 
time information can limit the frequency of steam 
generator tube ruptures. 

Therna-hydraulic Response of a Nuclear 
Power Plant. 

Analyses of the spontaneous steam generator tube 
rupture and combined steam line break-induced 
tube rupture events are presented to demonstrate 
system behavior and the associated methods for 
bringing the reactor coolant system to shut down 
cooling conditions while minimizing radiological 
releases and controlling the reactor coolant 
system inventory. Our analysis of the spontan- 
eous steam generator tube rupture event demon- 
strate that, with a timely diagnosis, the break 
flow and release of secondary steam from the 
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affected steam generator can be terminated within 
1 hour of initiation of the tube failure. Cooldown 
and initiation of residual heat removal for long- 
term cooling can be achieved in approximately 4 
hours following opening of the break. 

Following a combined steam line break-induced 
tube rupture event, it is necessary to cool down 
and throttle the emergency core cooling system 
flow as soon as possible to prevent exhaustion of 
the refueling water storage tank. Since the 
combined steam line break-tube rupture event 
results in exhausting the refueling water storage 
tank through the secondary system, it is not 
possible to develop a containment sump inventory 
to eventually transfer injzction from the refueling 
water storage tank. As a consequence, there is 
the need to more quickly cool and lower the 
pressure in the reactor coolant system using the 
pressurizer power operated relief valves. 
Analysis of the combined steam line break-single 
tube rupture event demonstrates that there is 
sufficient time or about 7 hours for operator 
action to cool down the reactor coolant system 
and actuate the residual heat removal system to 
assure long-term coolability of the core. 
Analyses of the steam line break-multiple tube 
failure event demonstrates that, in the unlikely 
event 15 tubes are failed, operator action 
within 1 hour to throttle emergency core cooling 
and initiate the residual heat removal system can 
assure long-term cooling. If more than 15 in- 
duced steam generator tubes rupture, the system 
response could lead to core melting. 

The Risk SignitiCance of Steam Generator 
Tube Rupture Accidents. 

Section 6 of this report summarizes a few key 
risk observations regarding spontaneous and 
induced steam generator rupture accidents. A 
spontaneous steam generator tube rupture is the 
rupturing of one or more steam generator tubes 
that is not caused by another event or an upset in 
normal expected operational parameters. Unlike 
spontaneous steam generator tube ruptures, an 
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induced steam generator tube rupture is an 
accident that is associated with an upset 
condition. Induced steam generator tube ruptures 
are conditional based on the occurrence of other 
events, and the presence of severely degraded 
steam generator tubes. (Note: As of April 1996 
no induced steam generator tube ruptures have 
occurred). The relative risk importance of 
spontaneous steam generator tube ruptures and 
induced steam generator tube ruptures is a 
function of the amount of tube degradation found 
in the steam generators. Induced steam generator 
tube ruptures become more risk important than 
spontaneous tube ruptures as the steam generator 
tubes' ultimate pressure capacity degrades. 

Both spontaneous and induced steam generator 
tube ruptures may be risk significant due to the 
fact that the radionuclides may bypass the reactor 
containment building during these events. 
Containment bypass events with subsequent core 
damage result in a disproportionate amount of 
radionuclides being released to the environment. 
This risk significant observation is valid even 
though steam generator tube ruptures are small 
contributors to the total core damage frequency 
in most probablistic risk assessments. 

As noted above, containment bypass events are 
very important in understanding the risk 
associated steam generator tube rupture and the 
steam generator tube rupture accident's thermal- 
hydraulic progression. The important contain- 
ment bypass effects are: (a) containment bypass 
influences the number, reliability, and types of 
systems needed to prevent core damage from 
occurring, (b) containment bypass events 
influence the core damage frequency distribution 
associated with a range of multiple tube rupture 
events, and (c) containment bypass provides a 
direct release path to the environment for 
radionuclides. 

The conditional probability of a steam generator 
tube(s) failing is a function of the type of aging 
degradation and the extent of the degradation. 



The thermal-hydraulic conditions imposed on the 
tube are also important. The important thermal- 
hydraulic parameters are: (a) steam generator 
tube temperature, and (b) the steam generator 
tube pressure differential. These thermal- 
hydraulic conditions are a function of the 
transient and/or accident, as discussed above. 

The risk associated with induced steam generator 
tube ruptures has contributions from the 
following type of events or accidents: (a) 
operational transients, (b) rare events, and (c) 
severe accidents. All of these events introduce 
moderate to large increases in the pressure 
differential across the steam generator tubes. For 
degraded tube conditions, the moderate to large 
increases in the pressure differential increases the 
probability of a steam generator tube failure. 
Operational transients occur frequently and may 
result in slight or moderate increases in the 
pressure drop across the steam generator tubes. 
These types of transients include: (a) turbine 
trip, (b) loss of main feed, (c) temporary loss of 
off site power, (d) failed open turbine bypass 
valve, and (e) loss of a reactor coolant pump. 

Rare events are design basis or other events that 
have a low frequency of occurrence, but may 
result in significant steam generator tube over 
pressures. These types of events typically 
include: (a) main feed line break, (b) main steam 
line break, (c) anticipated transients without 
scram, and (d) loss of coolant accidents (reversed 
pressure drop). Rare events with moderate tube 
degradation can be less risk significant than the 
operational events with severely degraded steam 
generator tubes due to the lower frequency of 
occurrence of a rare event. However, rare 
events are typically used to conservatively bound 
the worst case accident for regulatory purposes. 

Severe accidents are very low frequency events. 
In some cases, severe accidents may cause 
elevated pressure-temperature conditions in the 
steam generators over that found under typical 
design bases accident conditions. Typical severe 
accidents of concern for degraded steam 
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generator tubes include: (a) anticipated transient 
without scram, (b) station black out, and (c) 
station blackout with a stuck open atmospheric 
dump valve or safety relief valve. Even minor 
tube degradation in association with severe 
accident induced elevated pressure-temperature 
conditions can increase the probability of tube 
failure. 

Insights into the U.S. steam generator tube 
rupture risk profile can be gained from an 
examination of the U.S. Nuclear Regulatory 
Commission (USNRC) and industry probabilistic 
risk assessment (PRA) and Individual Plant 
Examination (IPE) program results. These 
insights indicate that the risk associated with a 
steam generator tube rupture is dominated by a 
few significant failures. Typically the dominate 
steam generator tube rupture failure contributors 
are human error (the operator fails to 
depressurize the primary system) and mechanical 
system failures along with human errors that 
cause a loss of the refueling water storage tank 
inventory. 

Steam Generator Tubing Inspection Require- 
ments and Fitness-for-Service Criteria in 
various countries. 

The probability of steam generator tube failures 
can be reduced through timely and effective 
inspections and appropriate acceptance (fitness- 
for-service) criteria. We summarize in this 
report the inspection requirements and fitness- 
for-service criteria used in a large number of 
countries. Some countries have chosen to have 
somewhat more conservative fitness-for-service 
criteria and less inspection. Other countries have 
chosen less conservative fitness-for-service 
criteria (thereby saving money on repairs) and 
more inspections. Some countries have more or 
less of both, compared to other countries. These 
differences are due, in part, to the fact that 
different steam generator designs and materials, 
and specific plant sites, are susceptible to 
different types of aging degradation, some of 
which is easier to detect or has less severe safety 
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consequences than other types of degradation. 
Also, these differences are due to the fact that 
some countries are willing to accept more risk 
than other countries. 

To determine the number of steam generator 
tubes to be inspected and the frequency of the 
inspections, some countries group their steam 
generators into two categories with quite different 
numbers of tubes inspected in each category. 
The categories used are either “susceptible tubing 
and less susceptible tubing” or “previous defects 
or no defects.” Other countries apply the same 
inspection criteria to all their steam generators. 
Some countries inspect a small fraction of the 
tubes (for example 3%) and then more tubes 
when defects are found. Other countries inspect 
a much larger fraction of the tubes, especially in 
steam generators with susceptible tubing, or 
previous defects. Some countries inspect all the 
tubes every year in steam generators with 
defects. The types of inspection equipment in 
use varies greatly from plant to plant and country 
to country. The defect detection reliability and 
defect sizing accuracy of the various inspection 
techniques is discussed below. In addition, the 
locations within the tubes that are inspected 
varies somewhat. Some countries inspect the full 
tube length; other countries focus their 
inspections on selected areas where the 
degradation is most likely to be found. Some 
countries do both. 

plates, led to the development of defect-type and 
location specific repair criteria. The P* and F* 
criteria allow tubes with flaws in the tubesheet 
region to remain in service without repair if the 
flaws are low enough so that the damaged tube 
remains in the tubesheet even if it separates at the 
flaw. Because steam generator tubing is very 
ductile, reasonably short through wall axial 
cracks exhibit slow propagation. Therefore, 
axial cracks located close to the top of the 
tubesheet, and shorter than about 10 to 13 mm, 
may remain in service in some countries even if 
they are through the wall. The complex 
morphology of ODSCC and the difficulties in 
detecting and sizhg this degradation have led 
some plants to use a statistical voltage based 
criteria. The allowable eddy-current signal is 
based on: (1) a burst pressure correlation 
together with allowances for defect progression 
and inspection uncertainties, and (2) a leak rate 
correlation, the recent population of defects in 
the steam generator, and, again, allowances for 
defect progression and inspection uncertainties. 

Some countries depend, in part, on very good 
leak detection (nitrogen- 16) and the assumption 
that degraded steam generator tubes will leak 
before they rupture. However, long throughwall 
cracks have been found that are rather leak tight. 
The current tendency is, therefore, to put 
increasing weight on the use of inspections and to 
use leak detection as an added safety feature. 

Repair or removal from service criteria can be 
grouped into two families: generic and defect- 
type and location specific fitness-for-service 
criteria. The simplest and most conservative 
generic approach is no detectable defects. The 
most widely implemented fitness-for-service 
criterion is a minimum wall thickness criterion, 
usually the value specified in the American 
Society for Mechanical Engineers (ASME) Code. 

The occurrence in recent years of nem types of 
tube degradation, such as PWSCC within the 
tubesheet or axial ODSCC wihin the support 

Steam Generator Tube Defect Detection 
Reliability and Sizing Accuracy. 

Inspection of steam generator tubes has faced two 
types of challenges that have made reliable 
detection and accurate characterization of defects 
difficult: (1) appearance of newer and much more 
subtle forms of degradation in the aging steam 
generator tubes, and (2) the presence of a variety 
of design features (such as support plates, 
tubesheets and AVBs) and deposits on the outside 
surface of the tubes which produce signals that 
mask the signals from the defects. During the 
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last 25 years, steam generator tubes have been 
damaged by about 10 different degradation 
mechanisms ranging from stress corrosion 
cracking, high-cycle fatigue, and pitting to 
wastage, denting, and wear. The morphology of 
the damage caused by each of these mechanisms 
is different and complex. For example, stress 
corrosion cracking defects are small-volume 
flaws, whereas wall thinning caused by wastage 
and wear are large-volume flaws. The stress 
corrosion cracking initiates either at the outside 
or at the inside surface and generally has an axial 
or a circumferential orientation. Sometimes, 
both axial and circumferential cracks are present 
at the same location. 

Eddy-current testing is well suited for inspecting 
thin-walled steam generator tubes with large 
surface areas because it offers high scanning 
speed and high sensitivity. Different eddy- 
current probes have been designed in response to 
the difficulties associated with the steam 
generator tube inspections. Eddy-current probes 
with bobbin coils and rotating pancake coils are 
usually used for inspection of steam generator 
tubes, and reliably detect flaws, but their 
detection threshold is high, some deep cracks 
have been missed, and defect sizing and 
resolution are not accurate. As a result, 
advanced eddy-current probes employing differ- 
ent arrangements of the pancake coils and 
multiple transmit-receive coils, and ultrasonic 
inspection probes employing pulse echo and tip 
diffraction techniques are being developed for 
more reliable detection and accurate sizing of 
stress corrosion cracking. The capabilities and 
limitations of these probes for inspection of steam 
generator tubes are summarized next. 

Inspection of PWSCC and IGSCC. Bobbin 
coils are sensitive to axial cracks and volumetric 
flaws. However, field studies have shown that 
bobbin coils can detect axial PWSCC in a roll- 
transition region on& when multiple axial cracks 
with near throughwall penetration are present. 
Similarly, the bobbin coil probe appears to be 
able to detect axial cracks in the U-bend regions 
only when the total number of cracks are beyond 
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a certain threshold or the cracks are long. 
Rotating pancake coil probes are used for sizing 
the axial PWSCC. Comparison with pulled tube 
results show that a rotating pancake coil can 
measure axial PWSCC within f 1.5 mm. 

Single-frequency bobbin coils may not reliably 
detect axial ODSCC if extraneous variables, such 
as a support plate, denting, or a deposit on the 
outside surface, are present. Therefore, multi- 
fiequency/multiparameter eddy-current methods 
employing bobbin coils are used for inspection of 
axial QDSCC. These methods suppress the 
changes produced by the extraneous variables 
and can detect and size deep ODSCC ( > 40% 
throughwall). However, reliable detection and 
accurate sizing of ODSCC/IGA defects with 
bobbin coil probes is difficult. Some ODSCC/ 
IGA dqfects greater than 40% throughwall have 
been missed. Therefore, the indications detected 
with bobbin coils are often confirmed with rotat- 
ing pancake coil inspections. 

The rotating pancake coil probe is used for detec- 
tion of circumferential PWSCC and ODSCC. 
This probe can reliably detect circumferential 
PWSCC in the expansion-transition region once 
it exceeds 50% throughwall depth. Based on the 
analyses of pulled tube data at North Anna, the 
detection limits of these probes for circumfer- 
ential cracks in dents is about 50% throughwall 
and a 5Megree arc length, or 100% throughwall 
and a 23degree arc length. 

No eddy-current methods are qualified at present 
for sizing the length and depth of circumferential 
cracks. Based on comparisons between measure- 
ments from rotating pancake coil probes and 
Cecco-5 probes, and metallographic data from 
pulled tubes, the nuclear industry has estimated 
that the arc lengths of circumferential cracks are 
being measured to within f 37 to 45 degrees. 
The nuclear industry is also currently working on 
developing qualified techniques for sizing the 
depth of circumferential cracks using Plus-Point 
probes, which are sensitive to both circumfer- 
ential and axial indications. 
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Ultrasonic inspection methods are being 
developed for sizing and resolution of the 
ODSCC detected during eddy-current inspec- 
tions. For example, rotating pancake coil 
inspection of the expansion-transition region of 
steam generator tubes at one U.S. plant revealed 
extensive circumferential cracks at the outside 
surface. Ultrasonic measurements revealed that 
the cracks ranged in circumference from 84 to 
329 degrees, and ranged in depth up to 100% 
throughwall. The ultrasonic measurements 
compared well with the actual crack profile 
determined from examinations of pulled tube 
specimens. The ultrasonic inspection also 
revealed that the cracks consisted of several 
discontinuous microcracks separated by small 
ligaments of sound material. The discontinuous 
nature of the array of microcracks was confirmed 
by the examination of the pulled tube specimens. 

Inspection of IGA. It is difficult to detect and 
characterize IGA damage with conventional 
bobbin coil or rotating pancake coil probes; as 
revealed by the inspection experience at the 
Trojan plant. These probes are not sensitive to 
the slow changes in the electrical conductivity 
and magnetic permeability caused by IGA. 
However, an 8 x 1 array probe can estimate the 
circumferential extent and depth of IGA. 

Inspection of Pitting. Pitting appears as a group 
of small diameter wall penetrations with a 
diameter to depth ratio greater than 1.0. Once 
pitting has initiated, the rate of pit growth can be 
rapid. The accuracy of the eddy-current pit 
depth measurements is severely limited because 
of the small size of the pits and because the pits 
are often fiIIed with copper containing corrosion 
products with a high conductivity. A rotating 
ultrasonic inspection probe has accurately 
measured pit depths to f2% of the wall thickness 
in Monel400 tubes in CANDU steam generators. 

Inspection of Dents. Bobbin coils are usually 
employed to detect and size denting. Specialized 
probes such as array probes with eight 
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contactless pancake coils or rotating ultrasonic 
inspection probes are being used for estimating 
the radial profiles of dented tube cross-sections. 

Inspection of High-Cycle Fatigue Cracking. 
High-cycle fatigue cracking has occurred at the 
top tube support plate in once-through steam 
generators. Detection of a high-cycle fatigue 
crack with an eddy-current probe is difficult 
because of the presence of the tube support plates 
and because the crack produces a low-amplitude 
signal. However, an 8 x 1 array probe is likely 
to provide reliable detection and accurate sizing 
information. 

High-cycle fatigue-induced tube ruptures in the 
U-bend region of recirculating steam generators 
pose another inspection problem; the initiation 
time for a high-cycle fatigue crack is long and the 
crack growth is very rapid. This makes timely 
detection of the fatigue crack difficult. 
Ultrasonic examination with tip diffraction 
techniques could be used for detection and 
characterization of high-cycle fatigue cracks. 

Inspection of Fretting and Wear. Eddy-current 
inspection of tube fretting caused by the AVBs is 
difficult because the bars, which are made from 
Alloy 600 or 690, are typically chrome plated. 
In addition it is difficult to estimate the wear 
depth because fretting wear may take place at one 
or both sides of the outer tube surface, depending 
on the AVB configuration. Therefore, for each 
AVB design and material, eddy-current signal 
amplitude calibrations have been developed for 
one-sided and two-sided wear at selected depths. 
Using these calibrations, the tube fretting damage 
can be characterized with a two-frequency eddy- 
current inspection system. 

Loose part induced wear is generally limited to 
peripheral tubes and is relatively easy to detect 
when it is suspected. However, the sizing of the 
affected area may not be accurate. Also, the rate 
of loose part induced wear is unpredictable. 
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Steam Generator Tube Failures 

1. INTRODUCTION 

Background. The steam generators in the 
pressurized water reactor (PWR), Canadian 
deuterium uranium (CANDU) reactor, and 
Russian water moderated, water cooled energy 
reactor (VVER) plants are large heat exchangers 
that use the heat from the primary reactor coolant 
to make steam in the secondary-side to drive 
turbine generators. A typical plant has two to six 
steam generators per reactor; although some units 
have up to twelve steam generators. The steam 
generators are shell-and-tube heat exchangers 
each with several to tens of thousands of tubes. 
The primary reactor coolant passes through the 
tubes and boils water on the outside of the tubes 
(secondary-side) to make steam. The design 
confines radioactivity from neutron activation or 
fission products to the primary coolant during 
normal operation. However, the primary reactor 
coolant is at a higher pressure than the secondary 
coolant, so any leakage from defects in the tubes 
(or in the VVER collectors or PWR tubesheets) 
is from the primary to the secondary-side, and 
rupture of the heat exchanger tubing can result in 
release of radioactivity to the environment out- 
side the reactor containment through the pressure 
relief valves in the secondary system. 

The thin-walled steam generator tubes are, 
therefore, an important part of the reactor coolant 
pressure boundary and, in fact can compromise 
well over 50% of the area of the total primary 
system pressure-retaining boundary. To act as an 
effective barrier, this tubing must be essentially 
free of cracks, perforations, and general 
deterioration. However, widespread degradation 
of the steam generator tubes has occurred at a 
number of plants. As a result, about one-half of 
the PWR nuclear power plants in the world have 
been removing from service (plugging) or 
repairing (sleeving) steam generator tubes in any 
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given year. The total number of steam generator 
tubes plugged per year during the last few years 
has ranged from about 10,000 to 12,000 tubes. 
Also, about 48,000 tubes had been sleeved by the 
end of 1994. This means that a large fraction of 
the PWR plants are operating with tubing defects 
near or beyond the national limits at any given 
time. Also, new forms of steam generator tubing 
degradation have occurred in recent years, some 
of which is not easily detected. 

Ten spontaneous steam generator tube rupturesa 
have occurred over the last 20 years. These 
ruptures have been caused by a variety of tubing 
degradation mechanisms including stress 
corrosion of the outside surface of the tubing, 
high-cycle fatigue, loose parts wear, stress corro- 
sion on the inside surfaces, and wastage (uniform 
corrosion). The 10 ruptures resulted in leak rates 
ranging from 425 QImin (1 12 gpm) to 2,900 Qlmin 
(760 gpm) and complex plant transients which 
have not always been easy for the operators to 
control. In some cases the plant operators took 
a relatively long time to realize that a steam 
generator tube rupture had occurred and, 
therefore, they were slow to start reducing power 
and isolate the defective steam generator. Also, 
at some plants, the reactor coolant system 
pressures were held well above the defective 
steam generator secondary side pressures for 
relatively long periods of time and the defective 
steam generators were overfilled. 

a. A spontaneous tube rupture is the rupture of one 
or more steam generator tubes that is not caused by 
another event or an upset in normal expected 
operational parameters. 
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Certain nuclear power plant design basis 
accidents, such as a sudden break in the steam 
line, can lead to rapid depressurization of the 
secondary coolant system. The pressure differ- 
ence across the tubing walls generated during 
these accidents may result in simultaneous 
leakage or rupture of a number of steam gener- 
ator tubes when an active degradation mechanism 
has severely damaged a large number of tubes. 
Simultaneous leakage or rupture of several tubes 
can lead to a plant transient which is even more 
difficult to control than a spontaneous tube rup- 
ture transient, and radioactivity levels released to 
the environment which may exceed site limits. 
The sudden rupture of several steam generator 
tubes also results in a rapid depressurization of 
the primary coolant system and possibly may 
uncover the core and cause core melting. 

The frequency and consequences of steam gener- 
ator tube failures can be significantly reduced 
through appropriate and timely inspections and 
plugging or sleeving of excessively damaged 
steam generator tubing. Most steam generators 
are routinely inspected during plant outages, 
when their internal structures become accessible 
to nondestructive inspection equipment, and the 
defective tubes repaired or plugged as necessary. 
However, a continuing issue has been exactly 
what constitutes an appropriate and timely in- 
spection and which partly defective tubes are still 
fit for service. The steam generator tube inspec- 
tion requirements and fitness-for-service criteria 
vary from country to country, and are even 
somewhat different at separate plants within cer- 
tain countries such as the United States (U.S.). 
This is because: 

0 Different steam generator designs and 
materials and specific plant sites are 
susceptible to different types of aging 
degradation. Some types of degradation 
are easier to detect or have less severe 
safety consequences than other types of 
degradation. 

NUREG/CR-6365 

b An appropriate level of steam generator 
and plant safety can only be maintained 
by a suitable combination of inspection 
and acceptance (fitness-for-service) re- 
quirements. Some countries have chosen 
to have somewhat more conservative 
fitness-for-service criteria and less in- 
spection. Other countries have chosen 
less conservative fitness-for-service cri- 
teria (thereby saving money on repairs) 
and more inspection. 

b The frequency and extent of the inspec- 
tions often increase as problems develop. 

Also, a wide variety of steam generator 
inspection equipment is used in various countries. 
Unfortunately , the most widely used inspection 
technique (eddy-current bobbin coils and rotating 
pancake coils) is not able to detect and size all of 
the degradation of interest, and equipment that is 
able to detect certain degradation is slow and 
expensive. 

Steam generator performance is important to 
nuclear power plant safety. For example, the 
various nuclear power plants in the U.S. have a 
core damage frequency which ranges from a low 
of 3 x per year to about 3 x lo-" per year. 
Steam generator tube rupture accidents are 
relatively small contributors to these values, but 
are risk significant because the radionuclides 
bypass the containment. A review of 20 U.S. 
PWR Individual Plant Examinations (IPEs) has 
shown that the risk associated with steam 
generator tube ruptures at most PWR plants is 
above 10% and at many plants is as high as 75 to 
99% of the total risk. These numbers are based 
on the past history of spontaneous tube ruptures, 
but do not consider the possibility of induced 
tube ruptures in badly degraded steam generators 
and radionuclide bypass of the containment 
during other transients and accidents. 
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Objective. The objective of this report is to put 
the issue of steam generator tubing failure, and 
its impact on nuclear power plant safety, in 
perspective. To do this, we have summarized 
much of the available information on the 
following topics: 

a steam generator degradation, 

a steam generator tube ruptures, 

a the thermal-hydraulic response of a 
nuclear power plant with a defective 
steam generator, 

a the risk significance of steam generator 
tube rupture accidents, 

a steam generator tubing inspection 
requirements and fitness-for-service cri- 
teria in various countries, and 

a steam generator tube defect detection 
reliability and sizing accuracy. 

We have tried to integrate, evaluate, and update 
the relevant worldwide information on these 
topics. The sources of information include 
technical reports issued by the U.S. Nuclear 
Regulatory Commission (USNRC), the Electric 
Power Research Institute (EPRI), and various 
reactor vendors, utilities, and national labora- 
tories; USNRC Inspection and Enforcement 
Bulletins, Notices, and Generic Letters; work- 
shops and conferences; media publications such 
as Nucleonics Week; the Nuclear Power Exper- 
ience database; and technical journals. Discus- 
sions with technical experts have been, in some 
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cases, the only available source of information on 
some subjects. The focus of this report is steam 
generator tubing degradation at PWR plants; 
however, we have included relevant information 
about CANDU reactor and VVER steam gener- 
ator degradation. 

Report Structure. The steam generator designs 
are discussed in Section 2 .  The stressors, 
susceptible sites, and failure modes associated 
with the various steam generator degradation 
mechanisms are presented in Section 3. These 
degradation mechanisms include primary water, 
outside diameter, and transgranular stress corro- 
sion cracking; intergranular attack; fretting, 
wear, and thinning; pitting; denting; high-cycle 
fatigue; wastage; erosion-corrosion; and corro- 
sion-fatigue. The steam generator tube rupture 
events, which have occurred to date, are 
discussed in Section 4. The cause of the tube 
rupture, the plant transient, the effectiveness of 
the operator actions during the transient, the 
environmental impact and the remedial actions 
after the accident are all discussed. The thermal- 
hydraulic response of a typical PWR plant with a 
defective steam generator i s  presented in Section 
5. The risk significance of steam generator tube 
rupture accidents is discussed in Section 6. The 
steam generator tubing inspection requirements 
and fitness-for-service guidelines in various coun- 
tries are discussed in Section 7. The efficacy and 
accuracy of the various steam generator tube 
defect detection and sizing techniques is 
discussed in Section 8. And, the major findings 
are summarized in Section 9. 
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2. STEAM GENERATOR DESIGN 

This section first describes the currently 
operating steam generators. Recirculating steam 
generators (RSGs), designed by Westinghouse 
(U. S .), Combustion Engineering (U. S .), 
Framatome (France), Mitsubishi Heavy 
Industries (Japan), and Siemens-Kraftwerke 
Union (Germany), are described first. The 
Canadian designs are discussed next, followed by 
the Babcock & Wilcox (U.S.) once-through 
steam generator design, and then the Russian 
(VVER) designs. The codes and specifications 
used to design steam generators and the materials 
and methods used to fabricate the steam 
generator components are then discussed. 
Emphasis is placed on the design aspects and 
fabrication methods which may affect steam 
generator degradation. 

2.1 Pressurized Water Reactor Recirculating 
Steam Generators 

A sketch of a simplified PWR RSG cross section 
is shown in Figure 1. A cut-away view of a 
typical RSG is shown in Figure 2. The RSG is a 
vertical, shell and U-tube heat exchanger with 
integral moisture separation equipment. A large 
cylindrical vessel encloses an inverted U-shaped 
tube bundle consisting of many thousands of 
individual tubes, each welded to a thick plate 
with a hole for each tube end (called a tubesheet) 
located near the bottom of the RSG vessel. The 
reactor coolant enters the hemispherical bottom 
head through an inlet nozzle, flows through the 
U-tubes and exits the lower plenum through an 
outlet nozzle. A plate in the lower plenum below 
the tubesheet (labeled the divider plate in Figure 
2) separates the inlet and outlet primary coolant 
and directs the flow through the tubing. 

The tubes are supported with plates or eggcrate 
type dividers at a number of fixed axial locations 
along the tube bundle and with various shaped 
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Figure 1. PWR recirculating steam generator 
cross section. 

bars and small plates in the U-bend region of the 
tube bundle. The upper region of the RSG vessel 
contains the feedwater inlet piping and various 
swirl or cyclone-type steam-water separators and 
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Figure 2. Cut-away view of a typical recirculating steam generator. 

5 NUREG/CR-6365 



STEAM GENERATOR DESIGN 

steam dryers. The materials of construction 
consist mainly of carbon or low alloy steel 
(except the tubes and the tube supports in later 
models) with all surfaces in contact with the 
reactor coolant fabricated or clad with corrosion 
resistant material. 

The primary coolant enters the steam generator 
at 315 to 330°C on the hot leg side and leaves at 
about 288°C on the cold leg side. The secondary 
system water (feedwater) is fed through a 
feedwater nozzle, to a feedring, into the 
downcomer, where it mixes with recirculating 
water draining from the moisture separators. 
This downcomer water flows to the bottom of the 
steam generator, across the top of the tubesheet, 
and then up through the tube bundle where steam 
is generated. About 25% of the secondary 
coolant is converted to steam on each pass 
through the generator; the remainder is 
recirculated. The steam generators are generally 
designed to produce, at rated steam flow, 
saturated steam with less than 0.25 % moisture by 
weight. 

Some RSGs include an economizer section 
(preheaters), which is a separate section in the 
steam generator near the cold leg outlet, shown 
in Figure 3. The feedwater flows into the 
preheater through a nozzle located in the lower 
part of the vessel (there is no feedring in these 
steam generators) and auxiliary feedwater is 
injected through a separate nozzle in the upper 
part of the vessel. Heat from the primary fluid 
leaving the steam generator is used to preheat the 
feedwater to near the saturation temperature 
before it is mixed with the recirculating 
secondary system coolant. 

Table 1 lists the design features for eleven 
Westinghouse and two Combustion Engineering 
type steam generator models. Table 2 lists the 
design features of seven Mitsubishi Heavy 
Industries steam generator models and Table 3 
lists the design features of the steam generators 
delivered by Siemens/KWU. The Westinghouse, 

Framatome, Mitsubishi Heavy Industries, and 
Siemens/KWU plants have from two to four 
steam generators per plant, depending on plant 
capacity (two loop plants have two steam 
generators, three loop plants have three, and four 
loop plants have four steam generators). The 
Combustion Engineering plants have only two 
steam generators, even in the large plants (except 
for Maine Yankee which has three steam 
generators). Therefore, the Combustion 
Engineering RSGs at large plants have a larger 
number of tubes than the other PWR RSGs. The 
tubes in the Westinghouse, Framatome, and 
Mitsubishi Heavy Industries RSGs are arranged 
in a square pattern, those in the Combustion 
Engineering and SiemendKWU RSGs in a 
triangular pattern. The tube patterns in the 
Combustion Engineering and Westinghouse 
RSGs are shown in Figure 4. Note, that there is 
an open lane down the center of the steam 
generator between the legs of the innermost U- 
tubes. 

2.2 CANDU Reactor Recirculating Steam 
Generators 

Currently operating CANDU steam generators 
are vertical, RSGs built by Babcock and Wilcox 
Canada Ltd. The only exception is the Wolsung 
1 unit in Korea which uses similar steam 
generators built by Foster Wheeler. Atomic 
Energy Canada Limited, and for some units 
Ontario Hydro, selected the key design 
parameters for the CANDU steam generators 
including the tubing materials and size, the steam 
generator size, and the key thermal hydraulic 
parameters. The fabricators did the detailed 
design of the equipment. CANDU RSGs are 
very similar to the PWR RSGs with some subtle 
differences in size, materials, .operating 
temperatures and tube support structure. Figure 
5 depicts the steam generator used in the 
Darlington Generating Station which has all the 
most current features of CANDU RSGs. 
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Table 1. Typical U.S. steam generator models and their parameters. 

Manufacturer type 
and model: Westinghouse (recirculating) 

24 27 33 44' 51,A-M',' D2fD3,' D4' 

Heat transfer area 
(ft')" 

No. of tubes 

No. of row-1 tubes 

Tube pattern 

Tube spacing (in.)* 

Tube dimensions 
(in.) 

Tubing material 

Tubing heat 
treatment 

Tubesheet 
expansion method 

Tubesheet crevice 
depth(in.)' 

Tube support type 

Tube support 
material 

Preheater type 

Flow distribution 
baftles 

24,834 

2,604 

82 

Square 

1.2187 

0.875x0.050 

Alloy 600 

Mill-annealed 

Partdepth 
rolled 

18.25 

Drilled hole 

Carbon steel 

None 

None 

27,700 

3,794 

100 

Square 

1.026 or 1.031 

0.750 X 0.055 

Alloy 600 

Mill-annealed 

Partdepth 
rolled 

18 

Drilled hole 

Carbon steel 

None 

None 

33,340 

2604 

82 

Square 

I .25 

0.875x0.050 

Alloy 600 

Mill-annealed 

Partdepth 
rolled 

18 

Drilled hole 

Carbon steel 

None 

None 

44,500 

3,260 

92 

Square 

1.200 or I .234 

0.875x0.050 

Alloy 600 

Mill-annealed 

Pandepth 
rolled 

18, 19, or 20 

Drilled hole 

Carbon steel 

None 

None 

51,500 48,000 

3,388 4,674 

94 114 

Square Square 

1.281 1.063 

0.875x0.050 0.750x0.043 

Alloy 600 Alloy 600 

Mill-a~ealed Mill-annealed 

Partdepth Fulldepth 
rolled' rolled 

18, 18.75 or None 
1 9  

Drilled hole Drilled hole 

Carbon steel' Carbon steel 

None 

None' 

47,000 

4,578 

114 

Square 

1.063 

0.750 X0.043 

Alloy 600 

Mill-annealed 

Fulldepth 
roIled 

None 

Drilled hole 

Carhon steel 

Split flow Counterflow, 
expanded 
preheater 
tubes 

Yes D2 no, 
D3 yes 

a. Replacement Models 44F, 51F and 54F use hydraulically expanded, thermally treated Alloy 600 tubing and 405 stainless steel tube support plates, except for the 
model 54Fs at D.C. Cook and Indian Point Unit 3 which have thermally treated Alloy 690 tubing. The replacement models generally match the heat transfer area of 
the steam generators they replaced except for the 54 Fs with Alloy 690 tubing which are slightly larger than the original 51s due to the slightly lower thermal heat 
transfer properties at the Alloy 690 material vis-%vis the Alloy 600 material. 

b. 1 ft' = 0.093 mz, 1 in = 55.4mm. 

c. Later Model 51s used fulldepth rolled or explosively expanded tubes. The tubesheet thickness ranges from 525 to 610 mm. 
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Table 1. Typical U.S. steam generator models and their parameters (continued). 

Combustion Engineering Manufacturer type B&W once- 
and model: Westinghouse (recirculating) through (recirculating) 

D5 E' F A75 177 67 80 

Heat transfer area 47.000 50,000 50,000 75,180 132,500 90,700 NIA 
(@Ib 
No. of tubes 4,570 4,864 5,626 6,307 15.531 8,519 11012 

No. of row -1 tubes 114 120 122 70 - I67 N/A 

Tube pattern Square w/T slot Square w/T slot Square w/T slot Triangle Triangle Triangle Triangle 

Tube spacing (in.)b 1.063 1.080 0.980 0.980 0.875 0.974, 1.00 1 .Ooo 

Tube dimensions 0.750 x 0.043 0.750 x 0.043 0.688 x 0.040 0.688 x 0.040 0.625 x 0.034 0.750 x 0.048 0.750 X 0.042 
(in.) 

Tubing material Alloy 600 Alloy 600 Alloy 600 Alloy 690 Alloy 600 Alloy 600 Alloy 600 

Tubing heat Thermally Mill-annealed or Thermally Thermally Mill-annealed Mill-annealed Mill-annealed 
treatment treated therm. treated treated treated 

Tubesheet Hydraulic Fulldepth rolled Hydraulic Hydraulic Panialdepth Explosive Explosive 
expansion method or hydraulic rolled 

Tube sheet crevice None None None None 22 None 
depth(in.Y 

None 

Tube support type Broached Drilled Broached Broached Broached Eggcrate/ Eggcratel 

Tube support Stainless steel Carbon or 405 stainless 405 stainless Carbon or Carbon steel Stainless steel 
material stainless steel steel 

Preheater type Cnuntertlow, Counterflow, None None None None Axial flow 

quatrefoil quatrefoil trefoil trefoil vertical vertical 

MnMn steel 

expanded pre- expanded 
heater tubes preheater tubes 

Flow distribution Yes Yes Yes Broach& No None Yes 
baffles plate 

d. For Model 51s with part-depth rolled tubes only. 

e. The crevice radial gaps varied from 0.005 to 0.01 1 inches, except in the Model 24 where they were 0.0135-0.0175 inches. 

f. Some later Model 51s were equipped with alloy steel tube support plates and flow distribution bames. 

g. The row 1 and 2 tubes in most Model 51, DuD3, D4 and E steam generators have been u-bend heat treated and shot or rotopeened for added resistance to Pwscc. 
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3 Table 2. Typical Mitsubishi Heavy Industries recirculating steam generator models and their parameters. 

7 
% B at u 

MtII MHI MHI MI31 MHI MHI MHI Manufacturer 
and Model 44 46F 51,51A 51M 51F,5 1 FA 52F.52FA 54F,54FA 2 

Heat transfer area (m?) 4,130 

No. of tubes 3,260 

No. of row-I tubes 92 

Tube pattern Square 

Tube spacing(mm) 31.35 

Tube ilimensions(nim) 22.23x1.27 

Tubing material Alloy 600 

Tubing heat treatment Mill-annealed 

s 
Tubesheet expansion Part-depih rolled 
met hod 

Tubesheet crevice 497" 
depth(mni) (original design) 

Tube support type Drilled 

Tube support material Carbon Steel 

Preheater type None 

Plow distribution None 
baflles 

4,300 

3,382 

94 

Square 

32.54 

22.23xl.21 

Alloy 690 

Thermally treated 

4,785 

3,388 

94 

Square 

32.54 

22.23x1.27 

Alloy 600 

Mill-annealed 

Full-depth hydraulic Part-dcpth rolled, 
and one step rolled Fitll-depth rolled 

None 488", None 

Broached eggcrate Drilled 
J 

405 stainless steel Carbon steel 

None None 

Yes None 

94 - 94 

Square Square 

4,780 4,780 4,870 5,055 % 
3,382 3,382 3,382 3,382 

94 

Sqiiare 

94 

Square 

32.54 32.54 32.54 32.54 

22.23xl.27 22.23x1.21 22 .23~127  22.23x1.27 

Alloy 600 Alloy 600 Alloy 690 Alloy 690 

Mill-annealed, Thermally treated Thermally treated Thermally treated 
Thermidly treated 

Full-depth rolled, Full-depth hydraulic Full-depth hydraulic Full-depth hydraulic 
Full-depth hydraulic and one step rolled 
and rolled - 

and one step rolled and one step rolled 

None None None None 

Drilled, Broached eggcrate Broached eggcrate Broached eggcrate 
Drilled chamfer 

Carbon steel, 405 stainless steel 405 stainless steel 405 stainless steel 
405 stainless steel 

None None None None 

Yes Yes Yes Yes 

Tubesheet radial gap of 0.185mm 
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Table 3. Typical SiemendKWU recirculating steam generators and their parameters 

hlunufucturer MAN-GHII MAN-GlfIl llalcke Unbcock h, Standard with MAN-GHII hi Replacenient SGs 
and laollel Oliriglieim (Orig.) Obriglieim (Re&) Stade Ilihlis A prelieater Konvoi *) for 51C15IMIU3 

llcat transfer area (m2) 2750 

No. of tubes 2605 

No. of row-l tubes 81 

Tube pattern rectangular 

Tube spacing (mm) 27.9 x 28.8 

Tube dimensions (mm) 22 x 1.23 (1.5) ') 

Tubing material Alloy 6M) 

Tubing heat treatment Mill annealed 

Tubcshcet expansion Part-depth rolled 
nietliotl (3 locations) 

3070 

3010 

46 

triangular 

29.0 

22 x 1.23 

Alloy 800 M P) 

I) 

2930 

2993 

49 

triangular 

29.3 

22 x 1.23 

Alloy 800 M P) 

8 )  

Part-depth rolled 
(both ends) 

Part-depth rolled 
(both ends) 

4510 

4060 

55 

triangular 

30.0 

22 x 1.23 

Alloy 800 M p, 

5386 

4086 

48 

triangular 

30.0 

22 x 1.23 

Alloy 800 M P) 

6) 

5427 

41 18 

54 

triangular 

30.0 

22 x 1.23 

Alloy 800 M P) 

I) 

Part-depth rolled 
(both ends) 

Part-depth rolled 
(both ends) 

Part-depth rolled 
(both ends) 

TS crevice depth ( m i )  None 

Tube support type eggcrate 

Tube support material stainless steel 

Prelieater type None 

Flow distribution baffles None 

U-Bend Treatment None 

Peening of the roll- None 
transition zone 

None 

eggcrate 

stainless steel 

None 

Yes 

None 

None 

None 

eggcrate 

stainless steel 

None 

None 

None 

None 

None 

eggcrate ') 

stainless steel 

None 

None 

None 

None 

None 

eggcratc c, 

stainless steel 

Split-flow design 

Yes 

None 

None 

None 

eggcrate c, 

stainless steel 

None 

None 

None 

None 

5 l05/6103/7 155 I) 

5130/5428 n, 

57/59 

triangular 

26.164 

19.05 x 1.09 

Alloy 690 ") 
Alloy 800 M p, 

Alloy 690: Therm. 
treated 
Alloy 800 M p)L) 

Full-depth hydradic 
plus part-depth 
rolled (both ends) 

None 

eggcrate 0 

stainless steel 

None 

Yes 

Alloy 690: Yes ') 

None 

Notes: 

Iiiiierniost rows: wall thickness = 1.5 mm 
Bend: Vertical tlat bars 
h i d :  Vertical a i d  horizontal flat bars. vertical corrugated strips 
Bentl: Vertical nat bars. hnrizonml and vertical cornigatkd strips 
lienil: Radial flat bars. verticil currngatrd strips 
Umd: Vertic;il and Iiorizonlal flat bars. vertical corrugated strips. lrlclck tubing 
(zerti paps) 
Similar tu ASTM SI3 163, UNS NO5800 
Grafenrlieinfeld. Grolintle (Manuf.: MAN-GI.II1). Urukdorf (Manuf.: 
IJIXXX)MB), Trillo I (Manuf.: ENSA) 
Almosr identical plants: lsar 2, Neckarwestheim 2. Emsland 
Replacemeiit strim geiurator for Wesdnghouse model 51C (Kiiigllals 2, Manuf.: 
MAN-GHH); JIM (Dot.13, Manuf.: ENSAICMI); D3 (Ascu M arid Almaraz 
'h. Manuf: ENSA); D3 (Riiiglials 3. Manuf.: Pramatome) 

I) Replacement sleani generator for Riiiglials 2: 5105 In': 
Doel 3. Asco VI and Alnxiraz %: 6103 nil; Ringhals 3: 
7 I55 111) 
Repl;icemeiit strani generator fur Ringhals '1, Doel 3. Asco 
'/I .nul A l i i ~ i a ~  M: 5130 tubes. 57 row-l tubes; Kingbals 
3: 54211 tubes. 59 row-I tubes 
I~eplacemeiit generator for Riuglials 2 and Ringhals 3: 
Alloy 6Wl: Duel 3. Asco H and Alniaraz M: Alloy 800 
M 
Alloy 6oO: Tulxs with Radius < 300 nun 
Modified according to SianieiislKWU specification 

m) 

11) 

0) 

p) 
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lntenor 0.875 in. 
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Figure 4. Typical tube patterns. Courtesy of A. P. L. Turner, Dominion Engineering. 
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Figure 5. CANDU Recirculating Steam Generator used at the Darlington station. This design is typical 
of the current CANDU models. Courtesy of C. Maruska, Ontario Hydro. 
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Although the size of CANDU RSGs has escalated 
greatly with successive reactor designs, they are 
generally smaller than PWR RSGs, and operate 
at lower temperatures (290°C to 310°C primary 
inlet temperature). The lower temperatures 
generally delay the onset of thermally activated 
corrosion processes such as primary water stress 
corrosion cracking (PWSCC) or intergranular 
stress corrosion cracking (IGSCC). Because the 
primary coolant in a CANDU reactor is heavy 
water (DzO), relatively small tube sizes [12.7 mm 
(1/2") outside diameter and, in more recent units, 
15.9 mm (5 /8")  outside diameter] have been used 
to minimize the heavy water inventory. The 
smaller size of the primary (lower) head and 
tubes increases the difficulty in performing 
maintenance activities such as tube inspection, 
plugging, removal, etc. The nominal tube wall 
thickness ranges from 1.13 mm to 1.2 mm 
depending on the type of tube alloy used (for 
example Alloy 800M has a lower thermal 
conductivity than Alloy 600 requiring thinner 
tubes). 

The most important area of diversity in the 
CANDU design is in the choice of tube material, 
the CANDU steam generators currently operate 
with tubes made from high-temperature, mill 
annealed Alloy 600, Monel 400 and titanium 
stabilized Alloy 800. These materials are 
susceptible to different types of degradation. 

2.3 Pressurized Water Reactor Once-Through 
Steam Generators 

The Babcock & Wilcox once-through steam 
generators use straight heat exchanger tubes with 
a tubesheet at both the top and bottom of the tube 
bundle, as shown in Figure 6. Primary coolant 
is pumped through the tubes from top to bottom 
while the secondary coolant moves around the 
outside of the tubes from bottom to top in a 
counter-flow direction. The secondary-system 
water enters a feed annulus above the ninth tube 
support plate level where it mixes with steam 
aspirated from the tube bundle area and is 

Upper span lane region 
circumferential cracks 

Fifteenth tube 
support plate wear 

Fourteenth tube 
support plate 

periphery tube 
erosiodcorrosion 

. -  

Feed annulus 

Dings at ninth 
support plate 

Distorted eddy 
current signals 

Low-temperature 
primary side SCC 

Upper tube sheet 

Corrosion fatigue at 
lane regions 

Auxiliary 
feedwater inlet 

Steam outlet 

Feedwater inlet 

Aspirating Steam 

First support plate 

Lower tube sheet 

REO 0776 

Figure 6. PWR once-through steam generator 
cross section (EPRI 1985a). Copyright 1985 
Electric Power Research Institute; reprinted with 
permission. 

preheated to saturation. The saturated water 
flows down the annulus, across the lower 
tubesheet, and up into the tube bundle where it 
becomes steam. This superheated steam flows 
radially outward near the top of the tube bundle 
and then down the annulus to the steam outlet 
connection. Most of the secondary coolant is 
completely evaporated in a single pass through 
the steam generator. 

The Babcock & Wilcox plants have two steam 
generators per plant, each with approximately 
15,500 tubes arranged in a triangular pattern. 
The once-through steam generator key design 
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parameters are listed in Table 1 and the tube 
pattern is shown in Figure 4. Note that an 
untubed lane provides access for secondary-side 
inspections. 

2.4 Russian VVER Steam Generators 

The steam generators used in the Russian 
designed VVER-440 and VVER-1000 plants are 
horizontal shell-and-tube heat exchangers 
manufactured by ZiO (Podolsk, Moscow 
Region), Atommash (Volgodonsk, Volgograd 
Region), and Vitkovice (Czech Republic). They 
consist of a pressure vessel, a horizontal heat 
exchange tube bundle, two vertical primary 
collectors, a feedwater piping system, moisture 
separators and steam collector. A sketch of a 
VVER-4-40 steam generator is shown in Figures 
7a and 7b (side and end views). A sketch of a 
WER-lo00 steam generator is shown in Figures 
8a and 8b. The tube bundle arrangement in the 
WER-440 and WER-lo00 steam generators, as 
seen from the top, is shown in Figure 9. 

Primary coolant enters the steam generator 
through a vertical collector, travels through the 
horizontal U-shaped submerged stainless steel 
tubing, and exits through a second vertical 
collector. The tube ends penetrate the collector 
wall (which performs the same function as the 
tubesheet in a PWR steam generator) and are 
expanded using either a hydraulic or explosive 
expansion process and then welded at the 
collector inside wall surface. The VVER-440 
collectors are made of Ti-stabilized austenitic 
stainless steel. The VVER-1000 collectors are 
made of low-alloy steel with higher tensile 
properties, clad with stainless steel. The VVER- 
440 tubes are arranged in line (square array). 
The VVER-1000 tubes are staggered (triangular 
array). Grids consisting of stainless steel bars 
and stamped wave-like plates are used to separate 
and support the tubes. The distance between the 
tube supports is 700-750 mm. 

The steam generator vessel is a carbon steel 
(VVER-440) or low-alloy pearlitic steel (VVER- 
1000) horizontal cylinder consisting of forged 
shells, stamped elliptical ends and stamped 
branch pipes and hatches welded together. The 
vertical hot and cold primary coolant collectors 
penetrate the vessel near its mid-point. 
Feedwater is supplied to the middle of the 
VVER-400 tube bundle by perforated piping. In 
the WER-lo00 steam generators, the feedwater 
is supplied to the top of the hot side of the tube 
bundle under a submerged perforated sheet. The 
tube bundle is completely submerged in both 
designs. 

The WER-440 and VVER-lo00 steam generator 
designs are similar except for the (a) size (the 
VVER-1000 steam generator is about 4 meters 
longer), (b) tube arrangement (square versus 
triangular), (c) collector material, (d) feedwater 
supply location, (e) submerged perforated top 
plate (WER-1000 only), (f) steam dryer 
arrangement, (g) emergency feedwater distribu- 
tion system (VVER-lo00 only), (h) steam header 
arrangement, (i) and vessel material. The 
VVER-lOOOU steam generator has been designed 
to replace the original VVER-1000 steam 
generators as needed. The WER-1OOOU has the 
perforated region of the collectors fabricated 
from austenitic stainless steel. Table 4 lists the 

design features. 
WER-440, VVER- 1000, and VVER- 1 OOOU 

2.5 Codes and Specifications 

Although many countries have, or are developing 
their own standards and codes for the design of 
nuclear power plant components, the load 
restrictions are generally based on Section I11 of 
the American Society of Mechanical Engineers 
(ASME) Boiler and Pressure Vessel Code. The 
objective of designing and performing a stress 
analysis with the rules of Section I11 is to afford 
protection of life and property against ductile and 
brittle failure. The ASME Class 1 design 
requirements are used for all the primary-side 
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4 
5 

j 

1. Steam generator pressure vessel 
2. Primary collector 
3. Heat exchange tubes 

4. Moisture separator 
5. Steam collector 
6. Feedwater inlet 

Figure 7a. WER-440 steam generator (side view). Courtesy of Y. G. Dragunov, OKF3 Gidropress. 

Coolant Collector 
Steam pipe 

5.898 rn 

V 
Inlet 

a 
Outlet 

Figure 7b. VVER-440 steam generator (end view). Courtesy of Y. G. Dragunov, OKB Gidropress. 

NUREGKR-6365 16 



c 
4 

-5 

\ 

Figure 8a. Cut-away drawing of a VVER-1000 steam generator. 
Key: l-Steam generator drum; 2-Cold header; 3-Hot header; 4- 
Heat exchanger tubes; 5-Submerged perforated separator; 6- 
Feedwater header; 7-Steam separators (Koryakin 1993). 
Copyright Nuclear Engineering International; reprinted with 
permission. 

Figure 8b. VVER-1000 steam generator (end 
view). Key: 1-SG shell; 2-Tube bundle; 3- 
Feedwater branch pipe; 4-Separation device; 5- 
Steam collecting heater; 6-Point of header 
jamming; 7-Immersed perforated sheet; 8- 
Unperforated section in perforated zone; 9-Inlet 
("hot") header; IO-Outlet ("cold") header. 
Courtesy of Y. G. Dragunov, OKB Gidropress. 
Copyright Nuclear Engineering International; 
reprinted with permission. 
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Figure 9a. Topview sketch of the tube layout in 
VVER-440 and VVER-1000 steam generators. 
Courtesy of Y. G. Dragunov, OKB Gidropress. 

Heat 
exchanger 
tubes 

'y \ 

Figure 9b. Basic arrangement of the heat 
exchanger tubes and headers used in VVER- lo00 
steam generators (Titov 1991), Copyright, 
Nuclear Engineering International; reprinted with 
permission. 
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Table 4. W E R  steam generator parameters. 

Parameters VVER-440 VVER- loo0 VVER- looOU 

Thermal power, MW 

Steam capacity, kg/s 

Pressure of steam, MPa 

Steam temperature, "C 

Feedwater temperature, "C 

Coolant temperature, "C 
- at steam generator inlet 
- at steam generator outlet 

Coolant flow rate, m3/hr 

Coolant pressure, MPa 

CooIant flow rate in tubes, m/s 

Average heat transfer factor, kW/m2K 

Mean logarithmic temperature head, "C 

Specific heat flux (average), kW/m2 

Total heat exchanging surface, m2 

Total number of tubes 

Diameter and thickness of tube walls, mm 

Tube mean length, m 

Pressure loss along the coolant path, MPa 

Reduced outlet steam rate from the evaporation surface, m/s 

Steam humidity at steam generator outlet, % 

Vessel material 

Collector material 

Heat exchanging tube material 

Collector dimensions in the perforated area 
- inner diameter, mm 
- wall thickness, mm 

Hole array in the header perforated area 
- dimensions of minimum ligament, mm 
- number of horizontal rows along the height 
- number of tubes in a horizontal row 

19 

229.2 

125 

4.61 

258.9 

164-223 

295 
267 

7100 

12.26 

2.71 

4.7 

18.7 

89.23 

2576.6 

5536 

16x1.4 

9.26 

0.075 

0.240 

0.25 

22K 

08X 18N10Ta 

08X18NlOT 

800 
136 

11.34 
77 
89 

750 

408.33 

6.27 

278.5 

164-220 

320 
290 

21200 

15.7 

4.21 

5.4 

22.9 

123 

61 15 

1 lo00 

16x1.5 

11.10 

0.126 

0.382 

0.2 

1OGN2MFA 

10GN2MFA 
with inner cladding 

08X 18N 10T 

834 
171 

with cladded layer 

6.93b 
110 
120 

750 

408.33 

6.27 

278.5 

164-220 

320 
292 

21200 

15.7 

4.91 

6.1 

24 

141 

5126.6 

9157 

16x1.5 

11.14 

0.169 

0.382 

0.2 

lOGN2MFA 

08X 18N10T 
perforated area 

08X 18N10T 

780 
198 

9.75 
94 
112 
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Table 4. VVER steam generator parameters (continued). 

Parameters VVER-440 VVER-100 VVER-1OOOU 

Tube array in tube bundle 
- array pitch along the vertical axis, mm 
- array pitch along the horizontal axis, mm 

Submerged perforated sheet 

Steam generator circulating factor (minimum) 

Void fraction, % 

square array staggered staggered 
24 19 22.1 

29.5 23 25, 23" 

absent 
4-6 

installed 

1.5 

installed 

1.9 

0.32 0.493 0.485 

a. This material is also labeled 08Crl8NilOTi which is a titanium stabilized austenitic stainless steel with .08% 
carbon, 18% chrome, 10% nickel and less than 1% titanium. 

b. Along medium surface. 

c. 25 mm for the central set and 23 mm for the lateral set. 

pressure retaining components. The components 
on the secondary-side are required to satisfy 
ASME Class 2 requirements. However, common 
practice is to design the entire steam generator 
shell to the ASME Class 1 requirements. 
Therefore, Article NB-2300 of Section I11 of the 
ASME Code is employed for assurance of 
adequate fracture toughness of all pressure 
retaining materials in the steam generator. In 
addition, the steam generator tubehbesheet 
complex meets the stress limitations and fatigue 
criteria specified in the ASME Code. 

2.6 Fabrication and Materials 

Materials and methods used to fabricate steam 
generator components significantly affect their 
susceptibility to corrosion, especially to stress 
corrosion cracking. Degradation of the steam 
generator tubing is also influenced by other 
aspects of the steam generator design and 
construction, such as the tube support design and 
the method of tube installation. 

2.6.1 Heat Exchanger Tubes 

Initially, the heat exchanger tubing in most of the 
PWR steam generators placed inservice in the 
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western countries (except Germany) was made 
from nickel based Alloy 600 (76% Ni, 15.5% 
Cr, 8% Fe, < 0.15% C). The German steam 
generators designed by SiemensKWU use Alloy 
800M tubing (33.5% Ni, 21.5% Cr, 44% Fe, 
<0.03% C, <0.6% Ti). Now, most steam 
generators designed by Westinghouse, 
Framatome, Siemens/Framatome, Babcock & 
Wilcox and Mitsubishi Heavy Industries are 
being fabricated with thermally treated Alloy 690 
(61% Ni, 29.5% Cr, 9% Fe, <0.025% C). 
Siemens/KWU and Babcock & Wilcox Canada 
are also supplying replacement steam generators 
with Alloy 800M tubing. The chemical 
compositions of these alloys are listed in Table 5. 

Tube fabrication generally starts with extrusion 
of a shell from an ingot and then several cold 
reduction steps by either drawing or pilgering. 
Each reduction step is followed by mill- 
annealing, which typically consists of passing 
tube lengths through a furnace on a traveling belt 
at temperatures high enough to recrystallize the 
material and dissolve all the carbon (about 980°C 
or above). 

The mill-annealing temperature and initial carbon 
content are two of the important parameters in 
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Table 5. Chemical composition of typical tubing materials. 
Alloy Ni Cr Fe C Mn Si cu A1 c o  Ti S 

> 72 14-17 6-10 50.15 - < 1.0 - <0.5 - <0.5 - <0.015 600' - 

6902 - > 58 

800M3 32-35 

28-3 1 7-1 1 0 .O 15-0.025 20 .5  - < O S  - <0.5 - <0.02 - <0.01 

20-23 - >39.5 - < 0.03 0.4-1 .O 0.3-0.7 - <0.75 0.15-0.45 r 0 . l  

<2.5 - <0.3 - <2.0 - <0.5 28-34 - <0.024 Monel400' 263.0 - 
E 

Ihco Alloys International Inc. Product Handbook 

2EPRI Specifications (EPRI 199Oa) 

3Siemens/KWU Specification 
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controlling the mechanical and Corrosion 
behavior of nickel based alloys such as Alloy 
600. The object of the mill-annealing steps is to 
first dissolve all the carbides and obtain a 
relatively large grain size and then cover the 
grain boundaries with carbides upon slow cooling 
in air. A higher carbon content requires a higher 
mill-annealing temperature to dissolve all the 
carbides. Undissolved intragranular carbides are 
undesirable because they provide nucleation sites 
for the dissolved carbides and prevent 
precipitation of the carbides on the grain 
boundaries. 

Undissolved carbides also prevent grain growth 
and, therefore, prevent appropriate grain 
boundary carbide coverage because the smaller 
grains have a much larger grain boundary area. 
The mill-annealing temperature also controls the 
material yield strength and, therefore, the 
residual stresses. Higher mill-annealing 
temperatures result in lower residual stresses (in 
tubes which are not stress relieved). Starting in 
the late 1970s, the mill-annealed Alloy 600 tubes 
from some vendors were also given a final 
thermal treatment at about 705 " C for 15 hours in 
order to relieve fabrication stresses and to further 
improve the microstructure. The thermal 
treatment process promotes carbide precipitation 
at the grain boundaries and diffusion of 
chromium to the grain boundaries. Therefore, 
the chromium used to form the chromium 
carbides is replenished on the grain boundary. 
Alloy 600 tubing with grain boundary chrome 
depletion is susceptible to outside diameter stress 
corrosion cracking. Alloy 600 tubing with 
insufficient carbides on the grain boundaries is 
susceptible to primary water stress corrosion 
cracking. 

Subsequent to the final mill-anneal, the tubing is 
passed through roll straighteners to produce a 
straight product. The- straightening process 
plastically deforms the tubing, imparting some 
residual stresses. After straightening, the tubing 
may be abrasively polished (e.g., using belt abra- 
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sives) to remove about 0.025 mm (1 mil) from 
the exterior surface. This step removes surface 
imperfections, but also results in the tubes having 
a thin cold-worked surface layer and significant 
residual surface stresses, which can range from 
compressive to highly tensile. 

The final manufacturing steps for straight tubes 
involve visual, ultrasonic, and eddy-current 
inspections, also various cleaning operations, 
including blasting the interior surfaces with 
ceramic grit. For RSGs, the straight tubes are 
bent to the desired U-tube configuration. For 
tight radius bends, internal mandrels are often 
used to minimize ovality of the bent portion of 
the tube (Shah et al. 1992). In addition, the tight 
radius U-bends of tubes in some of the existing 
steam generators which had not been thermally 
treated, were stress relieved at 705°C for at least 
five minutes to relieve bend-induced stresses. 

The annealing and thermal treatment tempera- 
tures and other details of the tube processing 
were somewhat different for the various manu- 
factures and steam generator models and are 
briefly discussed below. 

Babcock & Wilcox Practice. Babcock & 
Wilcox practice was to mill-anneal at a relatively 
high temperature, about 1065 to 1095°C (Jones 
1982). In addition, after tube installation, 
Babcock & Wilcox heat treated the entire steam 
generator at about 595°C for 15 hours to reduce 
residual stresses from tube fabrication and 
installation (e.g., at roll transitions), and to 
increase resistance to PWSCC by developing 
more carbides at grain boundaries. However, it 
also resulted in sensitization (chromium depletion 
at grain boundaries), making the tubing 
susceptible to other forms of corrosion (stress 
corrosion cracking in oxidizing acidic 
conditions). 

Combustion Engineering Practice. The 
Combustion Engineering tubing was annealed at 
a relatively high temperature of 980 to 1065°C 
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(Owens 1987a). This final mill-anneal resulted in 
a relatively low maximum yield stress below 55 
ksi and relatively large grain sizes and carbides 
at the grain boundaries, which was initially found 
to be relatively resistant to PWSCC. 

Westinghouse Practice. Up until the late 197Os, 
Westinghouse practice involved use of relatively 
low temperature mill-annealed tubing which was 
not thermally treated (Hunt and Gorman 1986). 
For these earlier steam generators, prior to 
introduction of improved heat treatment and 
other fabrication improvements discussed below, 
the residual stresses and microstructure of the 
tube material are such that the tubes are relatively 
susceptible to primary- and secondary-side stress 
corrosion cracking. 

Starting in the late 1970s, Westinghouse used an 
array of features to reduce the potential for tube 
corrosion. These features included thermal 
treatment of tubing for 15 hours at 705°C to 
relieve the residual stresses and improve the 
microstructure, followed by stress relief of tight 
radius U-bends. The improvement of the micro- 
structure due to the thermal treatment involved 
precipitation of chromium carbides at the grain 
boundaries. In addition, holding the tubing in the 
precipitation range for a long period of time 
allows the chromium to diffuse from the grain 
interiors to chromium depleted regions near the 
grain boundaries, preventing sensitization. Be- 
cause of the improvements associated with this 
thermal treatment, experience with thermally 
treated Alloy 600 tubing has shown that only a 
small fraction of it is susceptible to PWSCC in 
highly stressed areas. 

Current Practice. Current practice by the steam 
generator suppliers in France, Japan and the U.S. 
is to use thermally treated Alloy 690. This alloy, 
which is similar to Alloy 600 but has about twice 
as much chromium (29.5% rather than 15.5%) 
and proportionally less nickel, has been found in 
tests to be more resistant to primary water stress 
corrosion cracking and to have improved corro- 
sion resistance in secondary-side environments. 

23 

Most vendors are using a thermal treatment of 
about 705°C for 15 hours to relieve the 
fabrication stresses and improve the micro- 
structure. Some vendors thermally treat the tight 
radius U-bends for various times up to an 
additional two hours at about 700°C to relieve 
the residual stresses induced by bending and peen 
the inside surfaces of the tube legs to produce a 
layer of cold worked material a few tens of 
microns deep. 

Siemens/KWU Practice. The first two 
Siemens/KWU steam generators were supplied 
with Alloy 600 mill-annealed tubing and began 
leaking after two years of operation. Thereafter, 
all SiemensKWU steam generators were 
fabricated with Alloy 800M tubing (about one- 
half as much nickel as Alloy 600). Compared to 
the standard Alloy 800 ASTM specification, 
Siemens Alloy 800M has a reduced carbon 
content to minimize sensitization, an increased 
stabilization ratio (Ti/C > 12), and slightly 
increased chromium and nickel contents to 
achieve a higher resistance to pitting and 
transgranular stress corrosion cracking. 

CANDU Practice. Following the use of Alloy 
600 in a small demonstration reactor, the material 
used in the 1960s in the CANDU steam 
generators was Monel400, a high nickel/copper 
alloy. This alloy has good corrosion properties 
but is extremely sensitive to oxygen content. Its 
ferromagnetic properties also increase the 
difficulty of inspection with standard eddy- 
current coils. 

The material used for later units was changed to 
Alloy 600. The practice for Babcock & Wilcox 
Canada Ltd. for manufacturing Alloy 600 tubing 
(high temperature mill-annealing and heat 
treatments) was very similar to the practice of its 
parent company as described for PWRs. As a 
result, this type of tubing tends to behave 
similarly, with respect to degradation 
mechanisms, to that used in once-through steam 
generators built by Babcock & Wilcox in the 
u s .  
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The current practice for CANDU RSGs is to use 
titanium stabilized Alloy 800M tubing and a 
manufacturing method which precludes any 
random heat addition to the tubing. 

VVER Tubing Material. The VVER-440 and 
VVER-1000 steam generator tubing is made of 
Type 08X18NlOT stainless steel which is a Ti- 
stabilized austenitic stainless steel with 0.08 % 
carbon, 18% chrome, 10% nickel and less than 
1% titanium. 

2.6.2 Tube Installation in the Tubesheet 

PWR and CANDU steam generator tubes have 
been installed in a thick carbon or low alloy steel 
tubesheet, which is clad on the primary coolant 
side with the same material as the tubing, by 
mechanical rolling, hydraulic expansion, or 
explosive expansion (which may introduce high 
residual stresses) and seal welding to the 
tubesheet cladding. The VVER steam generator 
tubes have been installed in somewhat thinner 
walled collectors in a similar manner. For the 
early PWR plants, the mill-annealed tubing was 
connected to the tubesheet by hard rolling the 
tube into the bottom of the tubesheet for a length 
of about 60 to 100 mm. This left an 
approximately 0.2 mm wide, radial crevice 
(where chemical impurities could concentrate) 
between the tube and tubesheet along the top 
portion (about 460 mm) of the tubesheet. In later 
steam generators of Westinghouse design (early 
to mid 1970s), the tubing was expanded for the 
rest of the tubesheet height using an explosive 
expansion process (Wextex expansion) in the 
field or by additional hard rolling in the shop. In 
cases where the expansion was done by 
additional rolling, field experience has shown 
that high residual stresses were introduced into 
some tubes during rolling anomalies, e.g., at 
regions rolled twice or at transition regions 
where rolling was skipped. For Westinghouse- 
type steam generators made in the later part of 
the 1970s, full-depth tube expansion was accom- 

NUREGICR-6365 

plished in the shop using hydraulic methods. The 
SiemensKWU steam generators were fabricated 
with either a three or two step mechanical hard 
roll until the late 1980s. The most recent 
procedure used by most of the PWR and 
CANDU steam generator manufactures is to 
perform a hydraulic expansion over nearly the 
entire tubesheet thickness (stopping and starting 
within a few mm of each end) followed by a one 
(near the top) or two step mechanical hard roll 
near the top and near the bottom (called a kiss 
roll). The transition region is formed by the 
hydraulic expansion, which leaves significantly 
lower residual stresses in the tubing than the hard 
mechanical roll expansions. The hard mechan- 
ical rolling near the top or near both ends of the 
tubesheet provides a larger holding force than 
can be obtained with a hydraulic expansion. A 
profdometry measurement of the inside diameter 
of a typical tube in one of the Siemens/KWU 
replacement steam generators for Ringhals Unit 
2 is shown in Figure 10. Typical radial defor- 
mations associated with both the hydraulic and 
mechanical expansions are shown, along with the 
length of each of those expansions along the 
tubesheet. 

Kiss rolls have been used to install the tubes in 
the tubesheets of the French steam generators 
since 1980. This has resulted in lower residual 
stresses on the secondary side of the tubing, but 
an increased sensitivity to axial cracking on the 
primary side surfaces. Westinghouse uses only 
a hydraulic tube expansion. Westinghouse also 
machines the tubesheet faces parallel to within 
0.38mm so that the secondary side crevice depth 
is less than 2.5mm. 

Tubesheet crevices generally do not exist in the 
CANDU steam generators. Early units closed 
the tubesheet crevices by a second roll near the 
top (secondary-side) of the tubesheet. Current 
CANDU models use a hydraulic method to close 
the tubesheet crevice. 
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Hydraulic Expansion 
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Figure 10. Profilometry readings from a typical tube in one of the SiemenslKWU replacement steam 
generators for Ringhals Unit 2. Courtesy of P. J. Meyer, Siemens AG. 

The VVER steam generators use two vertical 
cylindrical collectors or headers, each with an 
inside diameter of 800 mm (VVER-440) or 
834 mm (VVER-1000) and a wall thickness of 
136 mm (VVER-440) or 171 mm (WER-1000) 
rather than a thick-wall tubesheet. As mentioned 
above, the WER-440 collectors are made of the 
same Ti-stabilized stainless steel as the tubing. 
The VVER-lo00 collectors are made of the same 
low alloy pearlitic steel (Type 10GN2MFA) as 
the vessel, with stainless steel cladding on the 
inside surface. The tubes are embedded against 
the collector wall by explosion or hydraulic 
expansion and welded at the collector inside 
surface using argon-arc welding. Collector-tube 
crevices generally do not exist, however, some 

"under-rolling " of the heat exchanger tubes into 
the collector wall has been reported, resulting in 
crevices with depths up to 20 mm (explosive 
expansions) or 2 mm (hydraulic expansions). 

2.6.3 Tube Supports 

Several types of tube support systems have been 
used in PWR steam generators, as shown in 
Figures 11 and 12. Most of the original steam 
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Drilled Plate 
(with flow holes) 

Broach-Quatrefoil 

Broach-Trefoil Eggcrate 

Figure 11. Typical tube support configurations (EPRI 1985a). Copyright 1985 Electric Power Research 
Institute; reprinted with permission. 
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B & W once-through 
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Figure 12. Typical steam generator tube support layouts used in the United States with tube support plate 
and tubesheet nomenclature. 
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generators of Westinghouse design have 
plate-type tube supports, where tubes pass 
through drilled holes in the plate. This 
construction leaves a narrow gap around the 
tube, between the tube and plate, which allows 
secondary coolant to flow through. Separate 
smaller holes also provide for the secondary 
coolant flow. Combustion Engineering steam 
generators mostly use supports formed from a 
lattice arrangement of bars (eggcrate tube 
supports), but also use drilled plates in some 
locations in the U-bend region (see Figures 11 
and 13). Babcock & Wilcox steam generators 
have plate-type tube supports, but the holes are 
broached to give a noncircular hole with three 
lands to support the tube, with a larger diameter 
between the lands to allow coolant flow adjacent 
to the tube (trefoil-design broached hole). Later 
Westinghouse designs also use broached hole 
tube support plates (with four lands to support the 
tubequatrefoil design). The earlier models have 
carbon steel as the tube support material, 
whereas the later models have corrosion resistant 
Type 405 ferritic stainless steel. 

Antivibration bars (AVBs) or plates are used in 
the U-bend regions of RSG tube bundles to 
stiffen the tubes and limit vibration amplitudes. 
Typical arrangements for AVBs in Westinghouse 
and Combustion Engineering steam generators 
are shown in Figure 13. The AVBs in Westing- 
house-type RSGs are installed to provide support 
to at least Row 11, though many were installed to 
deeper depths, e.g., to row eight. The AVBs in 
later Westinghouse models have a square cross 
section and are made from Alloy 600 and are 
chrome plated. The arrangement of the AVBs in 
Combustion Engineering steam generators 
includes vertical, horizontal, and bat wing strips, 
as shown in Figure 13. 

The CANDU steam generator tube support 
design has gone through many changes. Older 
operating units have a carbon steel lattice grid 
arrangement, or carbon steel trefoil broached 
plates (see description of Babcock & Wilcox de- 
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sign above). Recent models use an advanced 
version of the lattice grids made of stainless steel 
(see Figure 14). Antivibration (U-bend) supports 
have also undergone changes, from carbon steel 
scallop bars (stacked and staggered) to the 
current stainless steel flat bar type. The WER-  
440 and VVER-1000 steam generators use 
stainless steel bar and stamped wave-like plates to 
separate and support the tubes. 

2.6.4 Steam Generator Shells and Feedwater 
Nozzles 

Figure 15 shows the locations of the feedwater 
nozzle and the girth welds in a schematic of the 
shell of a Westinghouse PWR recirculating steam 
generator without a preheater. Figure 16a shows 
a typical Westinghouse feedwater nozzle and 
thermal sleeve. The Westinghouse thermal 
sleeve is welded to the feedring (not shown in 
figure). it fits snugly against the nozzle, bfit is 
not attached to the nozzle. Figure 16b shows the 
original configuration €or the piping-to-nozzle 
weld. (The cracks shown in Figures 16a and 16b 
are discussed in Section 3.6.2.) The steam 
generator shell, including the feedwater nozzle, 
is made of low-alloy ferritic steel, typically SA- 
533 Type A, Class 1 or 2 for the Westinghouse 
steam generator shells and SA-508 C12 for the 
feedwater nozzle forgings. (Some of the earlier 
steam generators made by Westinghouse in their 
Lester plant used SA-302 Grade B for the plate 
material, but all the steam generators built at the 
Tampa plant used SA-533.) The thermal sleeve 
inside the feedwater nozzle is made of SA-106 
Grade B carbon steel. 

As stated in Section 2.6.1, Babcock & Wilcox 
heat treated the entire Babcock & Wilcox once- 
through steam generator at about 595°C for 15 
hours, thus reducing residual stresses in the shell 
and feedwater nozzle, as well as in the tubing. 
Most of the other steam generator vendors did 
not heat treat the entire steam generator. 
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Typical Anti-Vibration Bar (AVB) Arrangements 

Vertical tube support bar 
(bat wing) 

bar arrangement plate section 

AVB Tube 

2718 in. 

Model F Anti-vibration 
bar arrangement 
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Model 51 Anti-vibrstion 
bar arrangement 

Figure 13. Typical recirculating steam generator antivibration bar arrangement. 

0:3083 



STEAM GENERATOR DESIGN 
- Support Plate 

Tube 

Flow Space - 

-Tube to Support 
Clearance 

r Suppo*Bar 

Tube - Plate - 

FIOW Space 

Tube 1 
Free Flow Space Between B&W Lattice Grid 

and Broached Plate Design 

Figure 14. Typical CANDU steam generator tube support structures. Courtesy of C. Maruska, Ontario 
Hydro. 
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Feedwater 
nozzle 

N91 0456 

Figure 15. PWR steam generator showing shell welds (Westinghouse 1990). Copyright Westinghouse 
Electric Corporation; reprinted with permission. 
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Weld 
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N910454 

Figure 16a. Typical Westinghouse feedwater nozzle and thermal sleeve design with the sites susceptible 
to high-cycle thermal fatigue damage caused by turbulent mixing of leaking feedwater and hot steam 
generator coolant identified (Westinghouse 1990). Copyright Westinghouse Electric Corporation; reprinted 
with permission. 
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Figure 16b. Westinghouse feedwater piping-to-nozzle weld design at the D.C. Cook plant with crack 
locations identified (USNRC 1980). . 
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The VVER steam generator pressure vessels and 
feedwater nozzles are shown in Figures 7, 8, and 
9. The WER-440 steam generator shell is made 
of Type 22K carbon steel. The VVER-1000 
steam generator shell and feedwater nozzle is 
made of Type 10GN2MFA low alloy steel with 

the following chemical composition: 0.08 to 
0.12% carbon, 0.17 to 0.37% silicon, 0.8 to 
1.1% manganese, 0.30 chromium, 1.8 to 
2.3% nickel, 0.4 to 0.7% molybdenum, 0.03 to 
0.07% vanadium, and less than 0.02% sulfur and 
phosphorus. 
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3. STEAM GENERATOR DEGRADATION MECHANISM, 
SITES, AND FAILURE MODES 

This section discusses the stressors, susceptible 
sites and failure modes associated with the 
various steam generator degradation mechanisms. 
PWR and CANDU RSG tube degradation is 
discussed first, including primary water stress 
corrosion cracking, outside diameter stress 
corrosion cracking (ODSCC), fretting, pitting, 
denting, high-cycle fatigue, and wastage. This 
material is followed by similar information on 
PWR once-through steam generator tube and 
VVER steam generator tube degradation. 
Information on how to perform steam generator 
tubing residual life estimates is then presented, 
followed by information on PWR steam 
generator shell and feedwater nozzle degradation 
and W E R  collector stress corrosion cracking 
and feedwater system erosion-corrosion. 

3.1 Summary of the PWR and CANDU Tube 
Degradation Problems 

In recent years, about one-half of the PWR 
nuclear power plants in the world were plugging 
or sleeving steam generator tubes in any given 
year. This implies that about one-half of these 
plants were operating with tubing defects near or 
beyond the national limits in any given year. 
Figure 17 shows the PWR and CANDU steam 
generator tubes plugged per year as a percentage 
of the total number of steam generator tubes in 
service. In recent years, the percentage of tubes 
plugged per year has been about 0.3 to 0.34% (of 
a total steam generator tube population which 
was more than 3.4 million in 1994). Although an 
average plugging rate of 0.3% per year may 
seem acceptable, over a 40 year steam generator 
life, this amounts to about 10 to 12% of the 
available tubes plugged. The total number of 
steam generator tubes plugged per year during 
the last few years has ranged from about 10,000 
to 12,000 tubes. In addition, more than 48,000 
steam generator tubes had been sleeved as of 
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December 1994 and about 17,000 more tubes 
were sleeved at Main Yankee during 1995 and 
1996. 

The relative impact of the tube degradation 
mechanisms on overall PWR steam generator 
performance has dramatically changed over time. 
Figure 18 shows the percent of the total number 
of tube failures” caused by each of the major 
degradation mechanisms for the years 1975 
through 1994 (EPRI 1995a). Both PWR and 
CANDU RSG and PWR once-through steam 
generator tube failures worldwide are included. 
(Figure 18 does not include data from the VVER 
reactors, except Loviisa Units 1 and 2.) 
Phosphate wastage was the major cause of tube 
failures in PWR steam generators until about 
1976. From 1976 to about 1979, denting was the 
major cause of PWR steam generator tube 
failures. After about 1979, a variety of corrosion 
mechanisms became important, including 
intergranular stress corrosion crackinghter- 
granular attack and pitting on the outside 
diameters of the tubes and PWSCC on the inside 
surfaces. Fretting damage became more apparent 
after about 1983. 

Table 6 lists the number of PWR and CANDU 
plants reporting various problems in 1977, 1982, 
and 1993 (EPRI 1994). There was a dramatic 
increase over the last 15 years in the number of 
plants reporting ODSCC, PWSCC, and fretting 
problems. In 1994, ODSCC (42%), PWSCC 

_ _ _ _ ~  ____ ~~ 

a. Failure is defined as a nondestructive examination 
indication requiring the tube to be removed from 
service (plugged) or repaired. The tubes that actually 
leaked primary coolant are a small proportion of the 
tubes plugged or repaired. Steam generator tubes are 
sometimes plugged as a preventive action if they are 
judged to have a high probability of future failure. 
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Table 6. Units reporting steam generator problems, (EPRI 1995a). 

DATE 

NO. UNITS: 

REPORTED PROBLEMS: 

Denting 

- Tube Support Corrosion 

- Tubesheet Corrosion 

Tubing Corrosion 

- Wastage 

- Pitting 

- ID Cracking 

3/77 8/82 12/94 

52 99 240 

- ODSCCIIGA 

Mechanical Damage 

- Fretting 

- Fatigue Cracking 

- Impingement 

STEAM GENERATOR DEGRADATION 

15 

6 

30 

12 

37 

49 

19 

0 

1 

6 

28 

3 

22 

22 

39 

21 

103 

87 

15 

4 

2 

131 

16 

8 

No Problems 

No problems after 5 years ops (no. of unitslno. >5yrs. ops). 

26 

1/14 

32 

4/57 

56 

281217 

Units reporting no problems after five years of operation 
3/77 8/82 12/94 

Trillo Kewaunee 
Mihama 3 
Neckarwestheim 
Davis Besse 

Brokdorf 
Chinon B 3 
Cook 2(Rpl) 
Cruas 3 
Cruas 4 
Emsland 
Genkai l(Rp1) 
Genkai 2 
Grafenrheinfeld 
Indian Point 3(Rpl) 
Isar 2 
Loviisa 1 
Loviisa 2 
Neckarwestheim 2 

Obrigheim (Rpl) 
Philippsburg 2 
Pickering A 2 
Pickering A 3 
Pickering A 4 
Pickering B 7 
Pickering-B 8 
Ringhals 2 (Rpl) 
Robinson 2 (Rpl) 
Tomari 1 
Trillo 1 
Ulchin 1 
Ulchin 2 
Wolsung 1 
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(22%), and fretting (4%) accounted for about 
68% of all the tubes plugged. However, the 
degradation mechanism is unknown for a 
significant number of defective tubes (about 
30%). Over 50% of the PWR units worldwide 
have now reported some occurrence of tube 
fretting and wear. Not all steam generators are 
degrading equally. Table 7 lists some of the 
plants that have plugged and sleeved over 2,000 
steam generator tubes. However, some plants 
report no problems, even after five years of 
operation (7-10% of the plants report no 
problems after five years of operation). 

It should be noted that there have been far fewer 
tubing failures in the replacement steam 
generators than in the original equipment. 
Therefore, one would expect that the numbers of 
degraded and plugged steam generator tubes will, 
at some point, begin to decline as more 
replacement steam generator come on-line. As 
of December 1994, a total of 61 steam generators 
at 22 nuclear plants in Belgium, France, 
Germany, Japan, Sweden, Switzerland, and the 
U.S. had been replaced. 

Table 7. PWR plants with more than 2,000 steam generator tubes plugged or sleeved. 

PLANT NUMBER OF TUB ES PLUGGED” P 
ASCO-1 1,866 249 

Cook-1 

Doe14 

Ginna 

Kewaunee 

Kori-1 

Maine Yankee 

McGuire-1 

McGuire-2 

Ohi-1 

Point Beach-2 

San Onofre-1 

Three Mile Island 

Trojan 

1,468 

2,290 

648 

1,017 

1,531 

573 

2,960 

2,189 

2,647 

945 

1,456 

1,641 

2,444 

1,840 

12,970 

2,198 

4,202 

- 16,536 

5,511 

3.674 

6,929 

502 

1,115 

a. All the data except Maine Yankee is for the time period up to the end of December 1994 (EPRI 1995a). The Main Yankee numbers include the 
sleeving done in 1995 and 1996. 
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Most of the PWR and CANDU steam generator 
tubes which have failed over the years have been 
mill-annealed Alloy 600 tubes. However, some 
failures of thermally treated Alloy 600 tubing 
have been reported, primarily due to fretting and 
denting (degradation mechanisms due to the 
design of the support plates and AVBs and the 
presence of loose parts, rather than the tubing 
material). But there have also been a few 
failures of thermally treated Alloy 600 tubing due 
to primary and secondary-side stress corrosion 
cracking. The Alloy 800M tubing used in the 
Siemens/KWU steam generators has performed 
relatively well. There were Alloy 800M tubing 
failures due to wastage in the Siemens/KWU 
steam generators which began operation in the 
1970s with phosphate water chemistry, but there 
have been no wastage failures in the Siemens/ 
KWU steam generators which began operation in 
the 1980s with an all volatile water treatment. 
There have also been some Alloy 800M tubing 
fretting failures in the SiemendKWU steam 
generators which began operation before 1986. 
But, only one Alloy 800M pulled tube has 
exhibited a stress corrosion crack, pits have been 
found on only two Alloy 800M tubes, and no 
Alloy 800M tubes have exhibited detectable 
intergranular attack or primary water stress 
corrosion cracking. There have been no Alloy 
690 tube defects of any kind reported to date. 

3.2 Pressurized Water Reactor and CANDU 
Reactor Recirculating Steam Generator Tubes 

Figures 19 and 20 identify degradation sites for 
PWR and CANDU steam generators, respec- 
tively.. Table 8 lists PWR steam generator 
degradation mechanisms, sites, stressors, failure 
mode and inspection methods for tubes and 
tubesheets. Table 9 lists the degradation mechan- 
isms and sites currently active in the CANDU 
steam generators and the corresponding counter- 
measures completed or in progress. 

3.2.1 Primary Water Stress Corrosion 
Cracking 

The corrosion behavior of austenitic alloys is 
strongly dependent on the nickel and chromium 
content. The influence of the nickel content on 
the stress corrosion cracking processes in 18% 
chromium austenitic alloys when stressed slightly 
above the yield point of the material in 
demineralized water or water containing 1 g/Q 
chloride ions is shown in Figure 21 (Berge 
1993). As indicated on the figure, Alloy 600 can 
be susceptible to pure (primary) water stress 
corrosion cracking, whereas, Alloy 690 and 
Alloy 800M are generally not susceptible to 
PWSCC. Austenitic stainless steels with a nickel 
content below about 15% are susceptible to 
transgranular stress corrosion cracking when 
exposed to water containing significant amounts 
of chlorides (1 g/Q). The effects of chromium 
content on austenitic alloy material release rates 
due to corrosion in high temperature, low 
oxygen, borated water flowing at 5.5 m/s are 
shown in Figure 22. The high chromium alloys 
(800 and 690) appear to lose much less material, 
probably because of the low solubility of 
chromium oxides in low oxygen primary coolant 
(Berge and Donati 1981). 

The data plotted in Figures 21 and 22 suggest 
that Alloy 600 is much more susceptible to 
PWSCC than Alloys 800 or 690 and, in fact, 
PWSCC of Alloy (Inconel) 600 was identified in 
the laboratory as early as 1959, when Coriou et 
al. (1959) reported cracking of this material in 
"high purity" water at 350°C (662°F). PWSCC 
of Alloy 600 steam generator tubing was first 
observed in the hot leg roll-transitions at the 
Obrigheim plant in 1971. Subsequent research 
showed that this was an intergranular cracking 
mechanism requiring at least the following 
conditions to be present: 
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Tube 
denting 

W 
support locatibs 
on hot leg side 

IGNIGSCC 

Inner row 
U-bends 

Fretting or 
AVB wear 

SI 

below 1st support 

su ua W 
U-bend region 

Fretting or 

Cold leg supports 

Sludge 

PWSCC 
cracking 

on ID 

Hot & cold leg 
tube-to-tubesheet crevices 

N91 0406 

Figure 19. Locations of known tube wall degradations in recirculating steam generators. (Courtesy of 
K. J .  Krzywosz of the Electric Power Research Institute NDE Center; modified.) 
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Tube Fretting 

Flow Blockage of Supports - 
Secondary Flow Instabilities 

t 
Steam Carry Over 

Tube High Cycle Fatigue 

Corrosion of Supports 

Tube Ccrrosion at Supports 
- ODSCC (Including Lead Assisted) 
-Tube Deformation 

9 ,  I=, 1 
Fouling of Tube Surface (ID and OD) 

Loss of Heat Transfer Efficiency = 
P 

I 

/ I  I 
II I 

Tube Pitting in Freespan Area 

Tube Denting at Supports 

Tube Corrosion in Sludge Zone 
i Tubesheet and Tube Supports 

Above 

Parts Damage Loose - Pining 

Primary Side Plate Leakage 

Figure 20. Degradation mechanisms and locations in CANDU recirculating steam generators. Courtesy 
of C. Maruska, Ontario Hydro. 
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Table S. Surntnary of PWR recirculating stcam gciierator tube degradation processes. 
I I I 

Stressor Degradatio~i Sites Potential Failure IS1 Method 
Mode 

6 

Dcgmdatioti 
Mechanism 

ODSCC 

I'WSCC 

Frctting, 
Wear 

I-Iigh-cycle 
fatigue 

Dcntitig 

Pitting 

Wastage 

Tctisile stresses, 'rtil)c-to-tul~csliect crcviccs Axial or circuinferctitial MRPC 
impurity Sludge pile crack MKPClCccco 5 
coticctitratioiis, Tube support plate 
sensitive materials Free span Axial crack Bobbin coil (in absolute mode) 

Circuriifereritial crack Bobbin coillCecco 5 

Axial crack 

Tcmpcraturc, residual 
tcnsilc stresses, 
sciisitivc materials 
(low iiiill anneal 

Inside surface of U-bend 
Roll transition w/o kiss rolling 
Roll transition with kiss rolling 
Deiited tube regions 

Mixed Crack 
Mixed Crack 
Axial Crack 
Circumferential Crack 

MRPCh 
MKPC 
M RI'C 
Bobbin coil or MKPC 

Flow induced Contact points between tubes and tlte AVBs, oI Local wear Bobbin coil 
vibration, aggressive 
clicmicals Contact bctwccti tubes and loose parts Depends on loose part I3obbin coil 

Bobbin coil 

tubcs and the prclicater bafflcs 

Tube-to-tube contact geometry 
Axial Wear 

Transgranular High m a n  stress level 
and flow induced circumferential cracking prccursor 
vibration, initiating 
defect (crack, dent, 

At the upper support platc if the tube is clamped. Leak detection or by detection of  

Oxygen, copper oxide, 
chlorides, the tubeslieet creviccs may lead to circutiiferciitial 
temperature, pII. cracking (see PWSCC), 
crevice condition, decreases tlie fatigue 
deposits resistance 

Brackish water, 
chlorides, sulfates, 
oxygen, copper oxides liot leg Itole 

Pliospliate chctiiistry, Tubesheet creviccs, sludge pile, tube support General tliiniiiiig Bobbin coil 
cliloride concentralion, plates, AVBs 

At the tube support plates, in  tlie sludgc pile, i n  Flow blockage in tube, Prufilotiietry. Iiobbiti coil 

Bobbin coil, ultrasonics Cold leg in sludge pile or where scale containing 
copper deposits is found, under deposit pitting in 

Local attack and tube 
thinning, may lead to a 

'B~nscd on operating cxpcricticc and tiutiibcr of defects (as of 1993). 

hMultifrequcticy rotating pancake coil probe. 
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Ir CANDU steam ab14 

lank 
= 

- 
1 

1. Summarv of mz nerator degradatic 

Degradation Sites 
- 

Potential Failure 
Mode 

Stressor IS1 Method Degradation 
Mechanism 

ODSCC High stress, 
corrosive 
environment due to 
deposit build-up 

U-bend support 
intersections 

Cecco 3 

Cecco 3 

Circumferential 
cracking 

7th support plate Predominantly 
circumferential, 
some axial 

E/C [carter] 
Ultrasonics 

2 Outside diameter 
pitting 

Deposits which 
cause a corrosive 
environment 

Local tube thinning 
leading to holes 

Tubesheet area 
under sludge pile 
and at lower tube 
support 
intersections and at 
freeman tubes 

Bobbin coil 3 

- 
4 

7 

5 

Fretting U-bend support 
intersections 

Metal loss which 
may lead to large 
hole 

Flow induced 
vibration, loose 
supports 

Corrosive 
environment, stresr 

U-bend supports Visual (secondary 
access) 

Corrosion of 
carbon steel 
supports 

support 
disintegration and 
metal loss/may lea( 
to tube degradation 
from flow induced 
vibration due to 
lack of support 

Bolt failure Primary head Erosion-corrosion, 
high or low cycle 
fatigue 

Break up of bolted 
plates may lead to 
blockage of PHT 

Visual and 
metallography of 
bolts 

inlet 

high applied or residual tensile stress or 
both (near the yield strength), 

a corrosive environment (high temper- 
ature water), and 

susceptible tubing microstructure (alloy 
content and few intergranular carbides). 

PWSCC occurs at locations on the inside surfaces 
of RSG tubing with high residual stresses 
(introduced during fabrication and installation of 
the tubes, as discussed in Section 2.6). These 
locations are primarily the expansion-transition 
regions in the tubesheets, the U-bend regions of 
the tubing in the inner rows (Le., the tubes with 
a small bend radius), and any dent locations at 
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Susceptibility to SCC 

t Intergranular 

Stress Corrosion Cracking (SCC) 

Demineralized Water 

Stress Corrosion Cracking (SCC) 

Demineralized Water Ci-Containing Water 

I I I I I I I 
0 10 20 30 t 40 50 t 6 0  70t 80 

Inconel800 

Ni-Content 

M95 0 140 

Figure 21. Schematic diagram showing the influence of nickel content on the cracking processes occurring 
in three steam generator tubing materials stressed slightly above the yield point in 350°C water (From 
Coriou 1971, as reported by Berge 1993). Copyright 1993 Electric Power Research Institute; reprinted 
with permission. 

the tube support plate, tubesheet, or sludge pile 
elevations. Section 3.1.5 discusses tube denting, 
e.g., deformation resulting in residual stresses 
due to buildup of corrosion products. PWSCC 
generally occurs on the hot leg side of the 
recirculating steam generations; however, cold 
leg PWSCC has been observed. 

In the case of an axial crack, a leak will occur 
before the critical crack size (leading to tube 
rupture) is achieved. On the other hand, the 
evolution of circumferential cracks is not known. 
Consequently, a tube with a circumferential crack 
is usually plugged or sleeved immediately after 
detection to avoid possible tube rupture. 

Status. As of December 1993, at least 94 PWR 
plants worldwide (36 plants in the U.S.) with 
RSGs had experienced significant PWSCC at the 
expansion-transition (tubesheet), dent, and/or U- 
bend locations of the tubing (EPRI 1994). 
Approximately 14,180 RSG tubes with PWSCC 
at or near the expansion-transitions have been 
plugged at 85 plants. Tubes with PWSCC have 
also been sleeved at 17 plants. Approximately 
8,430 RSG tubes with PWSCC in the U-bend 
regions have also been plugged at 63 plants 
(however, several hundred tubes were 
preventively plugged and may not have been 
defective). Fifty-three PWR plants have 
experienced both expansion-transition and U- 
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14 
Alloy I I 
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I Borated Water 2250 h 

o Descaled metal loss 
0 Corrosion film weight 
Q Material lost to stream 

Chromium ("A) 
M960143 

Figure 22. Effect of austenitic alloy chromium content on material lost due to corrosion in deaerated, 
borated water flowing at a velocity of 5.5 m/s (From Sedriks et. a1 1979, as reported by Berge and Donati 
1981). Copyright 1981 American Nuclear Society, Inc., LaGrange, Illinoise; reprinted with permission. 

bend PWSCC and tubes with PWSCC at dents 
have been plugged at, at least five plants. 

This degradation has occurred primarily at 
Westinghouse-type plants (steam generators built 
by Westinghouse and by Westinghouse licensees 
in Europe and Japan) in Belgium, France, Japan, 
Korea, Spain, Sweden, Switzerland, and the U.S. 
with Alloy 600 mill-annealed tubing, typically 
expanded by hard rolling (which introduces high 
residual stresses at the roll transition and where 
rolling anomalies occurred). The most exten- 
sively degraded steam generators have had as 
many as 20 to 38% of all their tubes plugged as 
a result of PWSCC and have been replaced at 
some plants. However, similar steam generators 
(same model number) at other PWR plants have 
experienced only a few tube failures due to 
PWSCC. 

The Combustion Engineering plants with 
relatively high-temperature mill-annealed tubing 
initially reported less PWSCC. However, both 

explosive-transition and U-bend PWSCC 
occurred at Maine Yankee after about 16 years of 
operation (model CE-67 steam generators) and a 
few cracks at the expansion-transition regions 
occurred at Palo Verde Units 1 and 3 after five to 
seven years of operation (model CE-80 steam 
generators). Recently, it has been reported that 
after 22 years of operation 60% of the Maine 
Yankee steam generator tubes have indications of 
circumferential cracking at or near the expansion 
transition and the utility has sleeved all 17,000 
tubes in its three steam generators (INSIDE NRC 
1995, USNRC 1995a). 

Nine French plants with thermally treated Alloy 
600 tubing have plugged tubes because of 
PWSCC at the expansion-transition region. 
However, the number of steam generator tubes 
involved (a total of 82 plugged) is rather small, in 
part, because the tubes were not plugged unless 
they also had dents (i.e., the possibility of 
circumferential cracking). As of December 
1993, there had been no PWSCC of thermally 
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treated Alloy 600 tubes in the U.S. or elsewhere 
outside of France and there had been no PWSCC 
of Alloy 690 or Alloy 8OOM tubing. (PWSCC of 
thermally treated Alloy 600 tubing has occurred 
only in steam generators in which the tubes were 
mechanically rolled into the tubesheet .) 

CANDU units using high-temperature mill- 
annealed Alloy 600 tubing, running at relatively 
low inlet temperatures have not experienced 
PWSCC to date (EPRI 1994). The oldest 
running plant with Alloy 600 tubing has over 11 
effective full power years (EFPY) or 
approximately 18 calendar years of operation 
with no evidence of this degradation mechanism. 
It is believed that the lower operating 
temperatures of the CANDU primary system and 
more resistant material may have contributed to 
the delay in onset of this type of cracking. The 
other tubing alloys used in the CANDU steam 
generators, Monel 400 and Alloy 800, are not 
susceptible to PWSCC. 

Crack Patterns. Examination of removed tubes 
affected by PWSCC and in situ inspection by 
rotating pancake coil eddy-current test probes 
indicate that PWSCC cracks typically have the 
following patterns (Dobbeni et al. 1985, 
Engstrom 1985): 

1. Cracks in U-bends typically are axial in 
orientation, though occasional off-axial 
cracks have been detected. 

2. Cracks in standard roll transitions are 
mostly axial, though occasional short 
circumferential cracks occur between 
axial cracks. Rarely are isolated circum- 
ferential cracks detected. 

3. Some large circumferential cracks have 
been detected in the sludge pile area of 
kiss-rolled plants in France. In some 
cases, large circumferential cracks have 
been located at the same transition as 
multiple axial cracks. In other cases, 
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large circumferential cracks have 
occurred without any axial cracks. 

4. Cracks at explosive transitions are 
typically circumferential in orientation, 
though occasionally axial PWSCC is 
noted by rotating pancake coil eddy- 
current testing. 

5. Primary-side cracks at dented tube 
support plate intersections are typically 
axial, though some circumferential seg- 
ments have been noted. 

6 .  Cracks at dents associated with sludge 
pile deposits at the top of the tubesheet 
(observed in France) have been circum- 
ferential in orientation. 

Effect of Stress. The PWSCC damage rate in 
Alloy 600 material increases as a function of 
stress to an exponent. Test results have shown 
this exponent to be in the range of four to seven 
(Hunt and Gross 1994). An exponent of four is 
typically used, i.e., damage rate = o4 where u is 
the maximum principal tensile stress , which 
includes both applied and residual stresses 
(Bandy and Rooyen 1984). An exponent of four 
on damage rate is typical of stress exponents for 
creep and, thus, is consistent with modem 
models for PWSCC, which say that slow 
straining at the crack tip is an essential part of the 
cracking process. This correlation suggests that 
a 50% reduction in the effective stress will result 
in a sixteen-fold decrease in the damage rate and 
a corresponding increase in PWSCC initiation 
time. The correlation was developed using 
tensile specimen data and is widely used. A 
threshold stress, a stress below which PWSCC 
does not initiate, has not been determined 
experimentally for Alloy 600. However, use of 
the strain rate damage model, which is based on 
slow strain rate test data, leads to an estimated 
threshold stress of about 241 MPa (35 ksi) at an 
operating temperature of about 3 15°C (600°F) 
(Begley 1988). 
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All the PWSCC failures reported in the field 
resulted from high residual tensile stresses; the 
applied operating stresses are generally low. The 
high residual stresses are caused by tube bending 
and expansion during fabrication and installation, 
and by any tube denting at the support plates 
during operation. The magnitude of the residual 
stresses at the affected sites are of yield strength 
level; in a cold-worked steam generator tube the 
residual stress can be as high as 690 MPa (100 
hi) .  

Effect of Temperature. PWSCC of Alloy 600 
material is a thermally activated process, which 
can be described by an Arrhenius relationship of 
the form 

damage rate a 0" eQRT 

where Q is an activation energy, R is the 
universal gas constant, T is temperature, and n is 
a constant of four to seven as discussed above. 
This is the standard form for thermally activated 
processes and is supported by several recent 
studies. The best estimate for the activation 
energy from laboratory studies and field 
experience is about 210 W/mole (50 kcal/mole) 
and the estimates vary from about 160 to 270 
kJ/mole (Gorman et al. 1991). As such, a small 
decrease in steam generator operating 
temperature will significantly slow the initiation 
and growth of PWSCC at any location in the 
steam generator (Hunt and Gorman 1986, Bandy 
and van Rooyen 1984a, Stein and McIlree 1986). 

Use of this type of time-temperature relationship 
to model the time delay expected between a given 
percentage of PWSCC failures in the hot and 
cold leg tubesheet regions, shows a delay factor 
of five to eight in time, depending on plant 
temperatures and the value of activation energy 
Q used. However, cold leg tubesheet PWSCC 
has recently been observed in some plants after 
somewhat shorter times, e.g., a factor of two to 
three later than hot leg tubesheet PWSCC. This 
may have been caused simply by the significant 

improvement in non-destructive examination 
(NDE) detection capabilities that have occurred 
in recent years, 

Effect of Microstructure. Field experience and 
research results show that the PWSCC resistance 
of Alloy 600 is highest when the grain 
boundaries are covered with continuous or semi- 
continuous carbides. The PWSCC resistance is 
lower when the grain boundaries are covered 
with widely spaced, discrete carbides. The 
PWSCC initiation time increases by a factor of 
five as the grain boundary carbide coverage 
increases from 0 to 100% (Rao 1994). The 
reasons for this beneficial effect of the 
intergranular carbides are not yet fully 
understood. According to Bruemmer, Charlot, 
and Henager (1988), the intergranular carbides 
act as a source of dislocations, resulting in plastic 
strains that cause crack tip blunting and, thus, 
reduce PWSCC susceptibility. Another possible 
explanation, according to Smialowska of the 
Ohio State University, is that the Alloy 600 
material passivates more readily in the presence 
of intergranular carbides (Hunt and Gross 1994). 

The percentage of the grain boundary covered 
with intergranular carbides depends on the heat 
treatment temperature and time, carbon content, 
and grain size. During the heat treatment, if the 
temperature is high enough, the Alloy 600 
material recrystallizes, and new grain boundaries 
are formed. If all the carbides are dissolved 
during the heat treatment, the carbon is then in 
solution, and carbides will precipitate at the new 
grain boundaries during subsequent cooldown. 
As a result, the grain boundaries may be fully 
covered with carbides and the material becomes 
resistant to PWSCC. If all the carbides are not 
dissolved, then the undissolved carbides remain 
as intragranular carbides (at old grain 
boundaries), and during subsequent cooldown the 
intragranular carbides will limit the grain growth. 
As a result, the grain boundary surface area will 
be much greater and not fully covered with 
carbides, and the material will be less resistant to 
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PWSCC (small grain material has a much larger 
grain boundary surface area than large grain 
material). 

The solubility of carbon in Alloy 600 is fairly 
low and depends on the weight percent carbon 
and the temperature. For example, a temperature 
of 980°C (1800°F) will dissolve a carbon content 
of 0.03 wt%, whereas, a temperature of 1204°C 
(2200°F) is needed to dissolve a carbon content 
of 0.15 wt%. So, if the heat treatment temper- 
ature is not high enough or the carbon content is 
too large, such that all the carbides are not 
dissolved, the resulting microstructure will be 
less resistant to PWSCC. Review of several 
PWSCC failures supports this observation 
(Campbell and Fyfitch 1994). However, it is 
also desirable to avoid carbon contents that are 
extremely low (C < 0.015%, for example) 
because adequate strength requires the presence 
of carbides in the material. In general, plant 
experience has shown that the high stress or 
temperature locations in steam generators with 
tubing that was mill-annealed at a relatively low 
temperature (low-temperature mill-annealed 
tubing) may exhibit PWSCC after one to ten 
EFPYs of operation (Hunt and Gorman 1986, 
Gorman and Hunt 1986). Plants with high- 
temperature mill-annealed tubing may experience 
significant PWSCC after ten or more EFPYs of 
operation (Kuchirka and Cunningham 1986, 
Benson 1988). 

Effect of Coolant Chemistry. Tests over the 
range of high temperature pH values from 6.9 to 
7.4 show that the primary coolant chemistry has 
a secondary effect on PWSCC initiation in Alloy 
600 material (Lott et al. 1992). Some 
preliminary results show that PWSCC initiation 
is sometimes accelerated when the lithium 
content is high. For example, PWSCC initiation 
time was reduced by about a factor of two when 
the lithium concentration was increased from 2.2 
ppm to 3.5 ppm at a constant boron concentration 
of 1200 ppm. A recent Japanese study showed 
that PWSCC damage is minimized at 2 ppm 

NUREG/CR-6365 

I 

lithium, compared to 1 ppm and 3.5 ppm (Millett 
and Wood 1994). EPRI-sponsored studies 
indicate that increasing the hydrogen concentra- 
tion in the primary coolant increases the rate of 
PWSCC. Consequently, the EPRI Primary 
Water Chemistry Guidelines recommend that 
utilities maintain hydrogen concentrations in the 
range of 25 to 35 cm3/kg, which is near the lower 
end of the typically used range of 25 to 50 
cm3/kg (EPRI 1990b, Gorman 1989). 

3.2.2 Outside Diameter Stress Corrosion 
Cracking 

ODSCC is a degradation mechanism which 
includes both IGSCC and intergranular attack 
(IGA) on the outside surfaces of the tubing. 
ODSCC of Alloy 600 was first seen in the field 
in the early 1970s and has since become the most 
pervasive secondary-side steam generator 
corrosion problem. It has been experienced in 
many steam generators operating at fresh-water- 
cooled locations, and to a lesser extent at 
seawater-cooled units. Most of this degradation 
takes place in the tube-to-tubesheet and tube-to- 
tube support plate crevices, however, ODSCC in 
the sludge pile and/or free-span locations has 
been observed at some plants. IGSCC requires 
the same three conditions as PWSCC: tensile 
stress, material susceptibility, and a corrosive 
environment (in this case, high-temperature water 
containing aggressive chemicals). As a result of 
the corrosive environment on the secondary-side, 
this mechanism apparently occurs at somewhat 
lower stresses, material susceptibilities, and 
temperatures than those required for stress 
corrosion cracking on the primary-side (EPRI 
1985a, Partridge 1986a,b,c). IGA is a similar 
form of attack but, unlike IGSCC, it can occur 
without large tensile stresses present. However, 
it is believed that stress has an accelerating effect 
on IGA initiation and growth. 

The IGSCC corrosion morphology consists of 
single or networks of multiple major cracks 
generally oriented normal to the maximum 
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principal stress with limited patches of IGA. 
Virtually all the crack propagation is intergran- 
ular. The IGA morphology is characterized by a 
relatively uniform attack on all grain boundaries 
at the tube surface. It occurs at dry out areas 
such as in crevices and sludge piles. It is 
believed that IGA is often a precursor to IGSCC, 
i.e., that relatively uniform IGA occurs until 
stresses increase (e.g., as a result of tube wall 
thinning) to the point that isolated fingers of IGA 
accelerate and become IGSCC cracks (EPRI 
1985a, Partridge 1986a,b,c). Most outside 
diameter stress corrosion cracks are primarily 
oriented in the axial direction, however, signi- 
ficant Circumferential cracking has been observed 
in the expansion-transition region of the tubing in 
some steam generators and circumferential 
ODSCC is sometimes found near dents. For 
example, circumferential ODSCC at the expan- 
sion-transition region of the tubing had occurred 
in about 50% of the tubes in each of the three 
steam generators at Doe1 Unit 4 by the end of the 
8th cycle. Shallow circumferential cracks may 
sometimes occur in the IGA affected regions 
producing a grid-like pattern of axial and cir- 
cumferential cracks termed “cellular corrosion. 

Corrosive Impurities. ODSCC strongly 
depends on the concentration of corrosive 
impurities in the steam generator. The impurities 
are brought into the steam generator with the 
feedwater at low concentrations as a result of 
condenser in leakage, makeup water system 
impurities, corrosion of piping and heat 
exchanger equipment, and condensate polisher 
leakage. In some cases, phosphates from pre- 
vious operation with phosphate water chemistry 
are still present in hideout locations and can 
contribute to tube corrosion. The bulk boiling 
process then concentrates the impurities over 
time in the steam generator coolant and even 
higher impurity concentrations form in the tube- 
sheet and tube support plate crevices, the sludge 
pile, and occasionally between tubes in the upper 
free span regions where crud collects. The 
impurities concentrate in these regions because 

the coolant circulation is poor and local boiling 
or dry out (steam blanketing) occurs. The 
impurity levels in secondary-side systems are 
highly variable, and are likely influenced by at 
least the following: crevice geometry, cooling 
water type (fresh, brackish, sea), secondary plant 
materials (e.g., presence of copper), condenser 
leakage history, air in leakage history, water 
treatment history, plant attention to secon- 
dary-side chemistry, and types and application 
history of remedial measures. 

From analytical determinations, it appears that 
for IGA to occur a highly alkaline condition must 
exist in the crevice caused by the concentration 
of alkaline species present in the secondary-side 
water. It was noted that a combination of IGA 
and IGSCC is often present close to each other in 
failed tube samples, with the IGA being more 
extensive than the IGSCC. In general, plant 
experience has shown that the high-temper- 
ature/high-caustic concentrating locations in a 
steam generator (e.g., the hot leg tubesheet 
crevice region) may exhibit IGA/IGSCC after 
two to ten EFPYs operation. 

The presence of various anions strongly 
influences the corrosion attack. Carbonates and 
sulfates, and to a lesser extent phosphates, are 
very deleterious and can develop deep IGA and 
IGSCC, depending on the value of the 
electrochemical potential. The electrochemical 
potential of the Alloy 600 tubes is governed by 
the composition of the secondary water during 
operation. When AVT control is used, reductive 
conditions are encountered, and in the case of 
caustic pollution, IGA should preferentially occur 
in crevice regions. On the other hand, when 
oxygen enters the steam generator (either in the 
form of oxygen or metallic oxides), the potential 
is raised and favors an IGSCC mechanism. For 
this reason, the composition of the sludge and, in 
particular, the oxidizing potential could be the 
deciding factor in whether IGA or IGSCC or 
both will occur. Tubes removed from existing 
plants (Airey and Pement 1982) indicate that both 
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the outside diameter surfaces and the inter- 
granular fracture faces had in addition to the 
three major elements (nickel, chromium, and 
iron), the presence of sodium, potassium, 
calcium, phosphorus, sulfur, aluminum, and 
chloride. 

Laboratory tests also show that Alloy 600 tubes 
exposed to high temperatures [324"C (615"F)I 
for 4,000 hours are susceptible to stress 
corrosion cracking in an aqueous environment 
contaminated with lead. Lead has been found on 
the crack faces and tube surfaces of some tubes 
removed from operating steam generators 
(Miglin and Sarver 199 1). 

Status. As of December 1993, at least 89 PWR 
plants (44 U.S. plants) with RSGs and a few 
CANDU plants have experienced some degree of 
ODSCC in the tubesheet crevice, sludge pile, 
tube support plate intersection, or free-span 
locations (EPRI 1994). Approximately 14,140 
RSG tubes with ODSCC at the tube support plate 
locations have been plugged at 63 PWR plants. 
Approximately 13,860 RSG tubes with ODSCC 
in the tubesheet crevice and sludge pile regions 
have also been plugged at 75 PWR plants (49 
PWR plants have had both tube support plate and 
tubesheet ODSCC repairs). Tubes with ODSCC 
have also been sleeved at 25 plants. This 
degradation has occurred primarily in 
Combustion Engineering (eight plants) and 
Westinghouse-type plants (79 plants) with Alloy 
600 mill-annealed tubing. Only one tube with 
ODSCC has been found in the SiemensKWU 
steam generators with Alloy 800M tubing and 
only one plant with thermally treated Alloy 600 
tubing has reported ODSCC (Kori-2 has reported 
finding ODSCC in the tubesheet region and 
plugging 125 tubes). The only CANDU plant 
with extensive ODSCC has been Bruce-A2 where 
1,399 tubes failed (were plugged) due to lead 
assisted stress corrosion cracking. The most 
extensively degraded steam generators have had 
as many as 40 to 56% of all their tubes plugged 
or sleeved as a result of ODSCC and have been 
replaced at a number of plants (or in some cases, 

the plants have been shutdown). However, 
similar steam generators (same model number) at 
other plants have experienced only a few percent 
failures due to ODSCC. 

ODSCC has appeared in PWR steam generator 
tubes with both high and low mill-annealed 
temperature, but generally not in thermally 
treated tubes because the thermally treated tubes 
do not have chrome depletion at the grain 
boundaries. Tests were conducted using 
high-temperature electrochemical measurements 
to identify conditions leading to IGA 
(Pinard-Legry and Plante 1983). The results of 
these tests indicate that in 10% caustic media at 
320"C, IGA is commonly observed in Alloy 600 
in the mill-annealed condition whereas, material 
thermally-treated at 700°C shows definite 
improvement over the mill-annealed material in 
resistance to both IGA and IGSCC. Similar 
results have been reported by Berge and Donati 
(1981) and are plotted in Figure 23. The 
minimum times for inducing a 500 pm crack in 
various C-ring samples of mill-annealed and heat 
treated (16 hours at 700°C) Alloy 600, Alloy 
800, Alloy 690, and Type 316 stainless steel 
material, exposed to a deaerated caustic soda 
solution (NaOH) at 350°C and subjected to 
stresses at about yield (according to ASTM STP 
425), are plotted versus NaOH concentration. 
Note, that the Alloy 690 and 800 samples appear 
to be immune to stress corrosion cracking in 
350°C NaOH solutions with a concentration of 
about 50 g/Q or less, however, all of the materials 
are susceptible to stress corrosion cracking within 
a few thousand hours at NaOH concentrations 
over about 100 g/Q. The thermally treated Alloy 
600 material is susceptible to stress corrosion at 
NaOH concentrations of 50 g/Q or less, but less 
susceptible than the mill-annealed Alloy 600 
material. 

The oldest running CANDU units tubed with 
Alloy 600 are currently experiencing widespread, 
but relatively shallow (5-10% of the wall 
thickness) ODSCC at the tube U-bend supports. 
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Figure 23. Resistance to stress corrosion cracking of mill-annealed or heat treated Alloy 600, Alloy 690, 
Alloy 800, and Type 316 stainless steel as a function of sodium hydroxide concentration at 350°C (Berge 
and Donati 1981). Copyright 1981 American Nuclear Society, Inc. , LaGrange, Illinoise; reprinted with 
permission. 

This degradation has been due to a combination 
of heavy secondary-side deposits which created 
an aggressive environment on the tube surface 
and corrosion of the carbon steel supports which 
caused high stresses in the area. The heavy 
deposits in the steam generators were due to 
early water treatment plant problems, condenser 
leakage, abnormal chemistry incidents, and 
feedtrain corrosion problems. Final failure of a 
few tubes occurred due to high-cycle fatigue." 

The degradation was severely aggravated in 
Bruce-A2 by contamination due to a lead blanket 

inadvertently left in one steam generator during 
maintenance activities. The lead was transported 
into the other steam generators at the unit 
through the water in the common steam drum. 
Cracking in the lead contaminated steam 
generators was typical of lead assisted cracking: 
mixed mode, transgranular and intergranular, 
ranging from 0-100% throughwall. Lead 
shielding was also inadvertently left behind in the 
Doe1 Unit 4 Steam Generator B in Belgium and 
is believed to have contributed to the severe 
ODSCC which subsequently occurred in that 
steam generator. 

a. Maruska, C. C. 1995, Unpublished material 
provided by C. C. Maruska to the authors. 

Because ODSCC can take several forms (short 
axial cracks, long axial cracks, circumferential 
cracking, cellular corrosion, etc.) and the ease of 
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detection of these various kinds of ODSCC 
degradation varies considerably, the potential 
safety consequences of ODSCC at separate plants 
can be quite different. For example, ODSCC 
within the tubesheet is much more difficult to 
detect with a standard eddy-current bobbin coil 
probe than PWSCC within the tubesheet or axial 
ODSCC at the tube support plates. However, it 
is possible to detect ODSCC within the tubesheet 
before it reaches a critical size and, therefore, 
make repairs before tube rupture. To date, there 
have been no tube ruptures due to undetected 
ODSCC in the tubesheet region. Axial ODSCC 
at the tube support plates can usually be readily 
detected with a bobbin coil probe, however, 
detection of circumferential ODSCC at the tube 
support plates requires special probes as does the 
sizing of ODSCC. Also, the evolution of the 
ODSCC depends significantly on the local 
environment within the crevice or under the 
crud, the details of which are often unknown. 
Therefore, the future crack growth rate cannot 
always be accurately estimated. However, some 
tube supports (and the tubesheet) can provide 
reinforcement in the event of a throughwall 
crack, provided the support does not move 
relative to the tube during the event and the crack 
is within the support, Freespan IGA/IGSCC can 
occur if there are deposits on the tube, which 
concentrate impurities. The sensitivity of the 
eddy-current signal is poor and a special analysis 
in absolute mode is needed to detect a freespan 
flaw before the flaw achieves a critical size. 
Tube ruptures have occurred due to freespan 
ODSCC. 

3.2.3 Fretting, Wear and Thinning 

These steam generator degradation types are 
broadly characterized as mechanically-induced or 
-aided degradation mechanisms. Degradation 
from small amplitude, oscillatory motion, be- 
tween continuously rubbing surfaces, is generally 
termed fretting. Tube vibration of relatively 
large amplitude, resulting in intermittent sliding 
contact between tube and support, is termed 
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sliding wear, or wear. Thinning generally results 
from concurrent effects of vibration and 
corrosion. However, thinning occurs at some 
locations where flow-induced vibrations are not 
expected, so it is not certain that tube motion is 
required for this mechanism; in some cases it 
may simply be the result of corrosion wastage. 

The major stressor in fretting and wear is flow- 
induced vibration. Tube vibration can be 
induced by fluid cross flow or by parallel flow. 
Initiation, stability, and growth characteristics of 
damage by these mechanisms may be functions of 
a large number of variables, including the 
support locations, the stiffness of the supports, 
the gap size between tube and support, secondary 
flow velocities and directions, and oxide layer 
characteristics. A complete understanding of 
flow-induced tube vibration and resultant tube 
fretting/wear/thinning can only be achieved by 
quantifying the structural, hydraulic, and material 
wear characteristics of a specific steam 
generator. These topics are beyond the scope of 
this section, but note that this type of analysis has 
been performed during efforts to mitigate certain 
weadfretting problems (CSGORG 1983). Also, 
EPRI has sponsored the development of a 
mechanistic computer model that predicts the 
fretting and wear caused by flow-induced 
vibrations in RSGs (Stuhmiller et al. 1988). The 
model calculates local turbulence to determine 
the unsteady flows in the vicinity of AVBs and 
near the bundle peripheral tubes, and provides 
time histories of the resulting buffeting loads. 

Whenever mild wear occurs on a tube, the 
fatigue strength of the material can be reduced. 
In most cases, the reduction in fatigue strength is 
attributed to the wear process assisting in the 
nucleation or early growth of a fatigue crack. 
However, fretting-fatigue failures of steam 
generator tubing have not occurred. The absence 
of such failures is attributed to the low 
probability that high cyclic stresses will be 
present at the sites where the fretting is 
occurring. The span between tube supports is 
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typically too small to allow excitation of high 
amplitude vibrations of the segments of tube 
between supports (Jacko 1983). 

Status. Fretting/wear/thinning degradation was 
first identified as a problem in about 1973 and 
has been noted to some degree in all major PWR 
steam generator designs. This includes preheater 
and AVB weadfretting in Westinghouse-type 
RSGs, cold leg thinning in Westinghouse-type 
RSGs, AVB (diagonal support) weadfretting in 
Combustion Engineering RSGs, and AVB 
weadfretting in Siemens/KWU RSGs (EPRI 
1985a). 

As of December 1993, 1 16 plants with RSGs had 
experienced tubing failure due to AVB wear/ 
fretting, 78 plants had reported weadfretting 
failures due to loose parts damage, and 12 plants 
had reported weadfretting failures associated 
with the steam generator preheaters (EPRI 1994). 
4,633 tubes have been plugged because of AVB 
weadfretting (920 tubes were preventively 
plugged and the rest were plugged due to NDE 
indications), mostly in Westinghouse-type steam 
generators. This damage has occurred in the 
more recent Westinghouse steam generator 
designs at 17 plants (Westinghouse models F, 
44F, and 51F and Mitsubishi Heavy Industries 
model 51F) as well as in the earlier model steam 
generators. Steam generator tubes have also 
been plugged due to AVB (batwing or vertical 
strap) weadfretting at, at least seven Combustion 
Engineering designed plants, three Siemens/ 
KWU plants and one CANDU plant. At least 
941 tubes have been plugged because of loose 
parts damage in 78 plants, although most of these 
plants (44 plants) have plugged less than ten 
tubes each. One plant did plug 176 tubes due to 
loose parts damage. 

Antivibration Bars Fretting. As discussed in 
Section 2, AVBs are used in the U-bend regions 
of RSG tube bundles to stiffen the tubes and limit 
vibration amplitudes. Various arrangements of 
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bars and plates have been used for this purpose 
by the various steam generator manufacturers. 
Typical arrangements for AVBs are shown in 
Figure 13. Weadfretting at AVBs in Westing- 
house-type RSGs is believed to be caused at least 
in part, by insufficient tube restraint, but the 
appropriate flow excitation phenomena has not 
been established in the open literature. In some 
RSG models, wear requiring tube plugging has 
occurred only in peripheral regions of the tube 
bundle, while other plants have experienced 
random AVB weadfretting degradation, but no 
consistent differences among the different RSG 
models have been identified. Most plants with 6 
to 10 EFPYs or more of operation have 
experienced AVB wear to at least some degree. 
Several plants experiencing AVB weadfretting 
have performed AVB replacement, where an 
improved AVB design was considered necessary 
or excessive clearance between tube and AVB in 
the existing configuration was demonstrated. 
Some plants have accumulated significant 
operating experience following AVB replace- 
ment, and subsequent inspections indicate that 
this modification has been successful at reducing 
AVB weadfretting in these units to a level of 
minor concern. Alternatively, other units have 
not yet determined the primary cause of their 
AVB weadfretting and, as such, are currently 
experiencing degradation that is of a more 
significant operating concern (Blomgren 1986). 

AVB (or diagonal support) wear in Combustion 
Engineering RSGs is believed to be caused, in 
part, by the secondary-side flows causing the 
diagonal supports to move. The AVB 
configuration for these RSGs is also shown in 
Figure 13. The flow exerts a pressure on the 
diagonal support, which deflects it into the tubes, 
resulting in contact forces between the two. The 
in-plane flow-induced vibration of the tubes 
results in a relative sliding of the tube and 
support, and tube and support wear occurs. The 
degradation, generally, appears in the tubes near 
the inner periphery of the central cylinder, in the 
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- Tubes 

Figure 24. CANDU recirculating steam generators staggered scallop bar arrangement. Courtesy of C. 
Maruska, Ontario Hydro. 

region of the longest diagonal support span. 
Plants experiencing this AVB wear have plugged 
tubes as indicated necessary by NDE wall-loss 
evaluations. Vendor analysis of the problem has 
concluded that the degradation is self-limiting 
since only a relatively small fraction (3 to 4%) of 
the tubes experience the requisite cross flow 
force for degradation to occur. As a result, 
preventive plugging of all these tubes is possible 
without threatening steam generator life 
(Harberts 1986). 

Fretting is occurring in CANDU steam 
generators with U-bend supports made of 
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staggered scalloped bars (the U-bend support bar 
stack is split into two offset stacks as shown in 
Figure 24, and the tubes are held in semicircular 
holes). This degradation is caused by flow- 
induced vibration of the tubes which is due to U- 
bend supports which were widely spaced and 
perhaps insufficiently rigid." Although tube 
fretting is severe and widespread, no tube failures 
have occurred in CANDU steam generators due 
to this degradation mechanism to date. There is 
evidence to indicate that the fretting rate in these 
steam generators is decreasing with time, 
suggesting that this mechanism is self limiting. 

a. P. E. MacDonald, Personal communication with 
C. Maruska, Ontario Hydro, Canada, 1995. 
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Loose Parts Damage. As indicated by the 
number of tubes plugged due to loose parts 
damage, loose parts and other debris have been 
found on the secondary-side of the steam 
generators at a large number of PWRs over the 
years. These parts include tools (for example, a 
152 mm flat file at Wolf Creek, a grinder wheel 
at Watts Bar Unit 1, a weld rod at Turkey Point 
4, parts of a pocket knife at D.C. Cook Unit 1, 
and a 152 mm C-clamp at Point Beach), valve 
and pump parts (for example, a check valve pin 
at Turkey Point Unit 4), equipment used for 
previous inspections, broken steam generator 
material, debris left from previous modifications 
and repairs (for example, pieces of steel plate, 
copper tubing, weld material, wire, etc.), and 
other things. These loose parts have also been 
implicated in at least two tube rupture events in 
operating plants in the U.S. 

One of the worst examples of this problem 
occurred at Ginna from 1975 to 1982. Foreign 
objects including various size pieces of carbon 
steel plate up to about 150 mm in length fell onto 
the tubesheet outside the periphery of the tube 
bundle during steam generator modifications 
performed in 1975 and later. This debris then 
impacted on the exposed peripheral tubes during 
subsequent operation and caused defects. The 
damaged tubes were plugged as a result of eddy- 
current indications and/or small leaks. However, 
the debris continued to damage the plugged tubes 
and eventually caused the tubes to collapse and in 
some cases to become completely severed near 
the top of the tubesheet. The severed tubes and 
debris then interacted with the adjacent inboard 
tubes resulting in fretting type wear of the 
adjacent tubes. These tubes, in turn, were 
plugged as a result of eddy-current indications or 
leaks, however, damage continued until they also 
became severed. Eventually, an unplugged tube 
in the third row in from the outside row was 
subjected to fretting type wear over about 150 
mm of length and burst. The wear removed 
about 84% of the wall thickness over about 100 
mm of length, which caused a relatively long 
"fish mouth" type burst. The peripheral tube 
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damage mechanisms were primarily mechanical 
and included impact, collapse, fatigue, fretting 
type wear, abrasion, and ductile overload and 
tearing. The transient that resulted from this 
rupture is discussed in Section 4.5 

USNRC Generic Letter 85-02 requested the U.S. 
PWR owners perform visual inspections in the 
vicinity of the tubesheet along the entire 
periphery of the tube bundle and the tube lane to 
idenw and remove any foreign objects (USNRC 
1985). Such an examination should be done after 
any secondary-side repairs. Obviously, all tools 
and equipment going into a steam generator 
during an inspection should come out. 

Although most loose parts damage has occurred 
on the secondary-side of the steam generators, 
there have also been cases of primary-side 
damage, primarily to protruding tube ends and 
tube-to-tubesheet welds. 

Preheater Fretting. Several different arrange- 
ments have been used for the preheaters in 
different Westinghouse plants, as shown in 
Figure 25. Weadfretting in the outer tube rows 
near the inlet nozzle has occurred in Model 
D2/D3 split-flow preheater RSGs and Model 
D4/D5/E counterflow preheater RSGs. The 
degradation was determined to be caused by 
large flow velocities and turbulence, and 
insufficient tube restraint (Hoffiman et. al. 1986). 
The weadfretting problem in the D2/D3 RSGs 
was addressed by redistributing feedwater flow 
between the primary and auxiliary feedwater 
inlets to reduce the flow into the preheater 
through the primary inlet, and by incorporating 
a preheater manifold to reduce cross flow 
vibration. Turbulence and peak flow velocities 
were reduced. Model D4/D5/E RSGs were 
modified by performing an expansion of the tubes 
within the tube baffle plates at certain preheater 
locations, in effect changing the tube natural 
frequency. In addition, a split of the feedwater 
flow between primary and auxiliary inlets was 
also implemented on the D4/D5 RSGs. These 
modifications appear to have been successful, 
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Figure 25. Preheater cross sections (EPRI 1994a). Copyright 1994 Electric Power Research Institute; 
reprinted with permission. 

there have been no tubes plugged because of 
preheater weadfretting in the D4 and D5 type 
RSGs and only one tube plugged in the Model E 
RSGs (at South Texas Unit 1). This tube was 
located one row in from the inside row of 
expanded tubes near the tee slot opening where 
there were relatively high flow velocities (the 
Model E steam generators have about 230 to 250 
tubes expanded at two elevations). The tube was 
prematurely plugged after losing about 30% of its 
wall thickness. Also, only 206 tubes have been 
plugged (at eight plants) with model D2 and D3 
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RSGs due to preheater weadfretting (EPRI 
1 994). 

Three-hundred ten tubes have been plugged in 
the Combustion Engineering model CE-80 RSGs 
with axial flow preheaters because of preheater 
weadfretting (at the only three plants operating 
with that design RSG). This fretting occurred at 
the eggcrate-type tube support above the top of 
the preheater divider plate near the tube lane (see 
Figures 4 and 25). The secondary-side flow in 
the downcomer enters the cold leg side of the 
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tube bundle above the preheater, between the 
second and third tube supports. At the inside of 
the tube bundle (tube lane), a unique condition 
exists where the recirculating flow preferentially 
seeks the low flow resistance open tube lane. 
The fretting was caused by the relatively high (on 
the order of 7.6 d s )  radial velocities in this area 
(Schever 1987). 

Cold Leg Thinning. Cold leg thinning in 
Westinghouse-type RSGs is believed to be the 
result of a corrosive mechanism (i.e. , wastage) in 
combination with tube vibration. The 
degradation has been seen primarily in peripheral 
tubes exposed to high cross flow velocities, and 
at the first and second tube support plate 
locations. The identity of the chemical presence 
responsible has not been determined, but acidic 
sulfates may be the cause. No conclusive 
evidence of the necessity for tube motion has yet 
been obtained. However, pulled tube results 
show a strong correlation exists between tubes 
exhibiting cold leg thinning and those showing 
AVB wear. As a result, it is expected that both 
corrosion and tube motion play a role in the 
degradation. Cold leg thinning is easily detected 
by conventional NDE methods and has been 
shown to progress at a limited rate [about 6% 
throughwall depth per EFPY] (Baum et al. 1987, 
USNRC 1983). No unscheduled plant shutdowns 
caused by throughwall leakage have resulted 
from cold leg thinning. Affected plants have 
plugged limited numbers of tubes as indicated 
necessary by NDE wall loss evaluations. One 
plant has implemented a trial program to 
hydraulically expand the tubes at the tube-to-tube 
support plate Intersections one through three, 
in an attempt to eliminate the tube motion 
component of the degradation mechanism. Initial 
inspection results regarding the effectiveness of 
this technique were inconclusive (Weakland 
1988). Maintenance of low secondary-side 
impurity levels is also considered necessary to 
reduce the effects of crevice chemical 
concentration (Baum et al. 1987). 
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3.2.4 Pitting 

Pitting is a steam generator degradation type 
appearing as groups of small-diameter wall 
penetrations resulting from local corrosion cells, 
probably promoted by the presence of chloride or 
sulfate acids. Condenser leaks and leakage of 
beads, resin fines, or regeneration chemicals 
from ion exchangers can introduce impurities 
such as chlorides and sulfates, which result in 
local acidic conditions conducive to pitting. 
Oxidizing conditions and the presence of copper 
are probable accelerators. Any barriers to 
diffusion such as sludge accumulation on the tube 
wall will accelerate the pitting process by 
enhancing the chemical concentrations. 

Pitting corrosion typically occurs at locally weak 
spots in the passivated surface of the Alloy 600 
tube. These susceptible locations may be the 
result of localized cold work of the metal, the 
presence of metal carbides, sulfides, or other 
secondary phase particles, or emergence of grain 
boundaries at the metal surface. The pits are 
characterized by an undercut geometry (i.e., 
having a larger subsurface than surface diameter) 
and are typically found to be filled with corrosion 
products such as chromium oxide, sulfides, and 
copper metal. Some investigations have also 
noted some shallow IGA degradation at pit 
bottoms (Theus and Daniel 1984, Angwin 1984). 

Status. Significant pitting was first reported in 
an operating PWR steam generator about 1981. 
As of December 1993, only 11 PWR plants with 
RSGs had plugged tubes because of pitting and a 
few other plants had reported minor pitting 
degradation of 15 % throughwall depth or less 
(EPRI 1994). However, a few plants have 
experienced significant pitting degradation 
including Indian Point Unit 3 (1,290 tubes 
plugged because of pitting in the original steam 
generators and 3,606 tubes sleeved), Kori Unit 1 
(804 tubes plugged because of pitting and 1,578 
tubes sleeved for various reasons), and Millstone 
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Unit 2 (1,655 tubes plugged because of pitting in 
the original steam generators and 5,164 tubes 
sleeved for various reasons). Most of this 
degradation occurred in the cold leg and cold leg 
sludge pile regions, however, pitting has also 
been found on the hot leg side of the RSGs 
(Laskowski and Hudson 1986, Angwin 1984, 
Theus and Daniel 1984). And, most of the 
pitting has been associated with Alloy 600 tubing 
exposed to severe secondary-side chemistry 
incursions. However, 332 Type 304 stainless 
steel steam generator tubes at the Yankee Rowe 
plant were also plugged because of pitting 
degradation. 

Severe pitting has been experienced in CANDU 
units tubed with Monel400 (1994 tubes plugged 
at one unit). This pitting is more accurately 
described as tube outside surface under-deposit 
corrosion and is caused by heavy secondary-side 
deposits, both on top of the tubesheet and in 
the lower tube support areas. These deposits 
concentrate aggressive species such as chlorides 
and sulfides present due to condenser leakage and 
water treatment problems. One CANDU unit 
tubed with Alloy 800M has experienced a small 
number of tube failures due to pitting (under- 
deposit chloride pitting) at the first and second 
support plates. Early condenser tube leakage 
(seawater) and sludge deposits contributed to this 
degradation. a 

Laboratory Studies. As a result of the extensive 
pitting in the Millstone Unit 2 and Indian Point 
Unit 3 steam generators (40 % throughwall pits), 
the EPIU conducted a workshop (Angwin 1984) 
on steam generator tube pitting. It was reported 
that both affected plants had pits of similar 
morphology (chromium oxide and copper 
metal-filled undercut pits). These pits were 
found under scale and in similar locations (e.g., 
the cold leg side near the sludge pile). 

a. P. E. MacDonald, Personal communication with 
C. Maruska, Ontario Hydro, Canada, 1995. 
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It has been shown in the laboratory that it is 
possible to pit Alloy 600 under a variety of 
conditions but only a few of the laboratory-grown 
pits have the same morphology found in 
operating plants. Electricit6 de France (EdF) 
has produced pits in low-oxygen, high-chloride 
(740 ppb), high-sulfate (760 ppb) water. These 
pits had chromium-rich, copper-included scabs 
similar to those found in the Millstone and Indian 
Point steam generators, There is no universal 
agreement as to whether steam generator pit 
initiation and growth is primarily an operating 
temperature (hot) phenomenon or a layup (cold) 
phenomenon. However, chromium oxide-filled 
pits are seen in high-temperature tests, but not in 
low-temperature laboratory tests. 

Once pitting has initiated, the rate of initiation of 
new pits can be rapid. The growth of pitting 
indications has not been well-quantified. Pits 
have grown up to 50% throughwall depth per 
cycle, but the degradation is generally considered 
to progress at approximately 10% throughwall 
deptldcycle (Laskowski and Hudson 1986). 
However, even widespread pitting is not 
considered to pose a significant safety hazard, 
since deep, small volume defects such as pits 
typically show a well-defined leak-before-break 
character (Laskowski and Hudson 1986). 

Mitigation Activities. A number of design and 
operational modifications can be implemented to 
limit the occurrence of pitting degradation. In 
general, maintenance of proper water chemistry 
is considered critical. Condenser leakage, 
particularly in seawater or brackish water-cooled 
plants, should be quickly remedied. Control of 
oxygen and chlorides during operation and layup 
are also important. Leakage of ion exchanger 
beads, resin fines, or regeneration chemicals 
should be minimized, and extended heatup/ 
cooldown periods should be avoided. Removal 
of sludge pile accumulations by sludge lancing or 
chemical cleaning, or both, is also recommended. 
These operational modifications, with the 
exception of sludge lancing, are similar to those 
considered important for minimizing the occur- 
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rence of ODSCC and denting. The primary de- 
sign modification to be considered is the removal 
of all copper from the secondary-coolant system. 

3.2.5 Denting 

The term denting describes the mechanical 
deformation or constriction of a tube at a carbon 
steel tube support plate intersection or within the 
tubesheet caused by the buildup of deposits and 
the growth of a voluminous support-plate or 
tubesheet corrosion product in the annulus 
between the tube and support plate or tubesheet. 
Denting has also been reported in the sludge pile 
region of certain plants where iron particles were 
embedded in the sludge pile. Dents do not 
themselves result in tube wall penetration or 
reduction in wall integrity. However, denting at 
some plants has been sufficiently severe that it 
caused structural damage to the tube supports and 
denting is a concern because even small dents can 
induce tensile stresses above yield strength in the 
tube wall. As a result, these tubes may be 
subject to PWSCC or IGSCC at the dents during 
subsequent operation, (EPRI 1985a, Clark and 
Lewis 1985). Also, tubes with dents at the top 
tube support plate in the U-bend region of the 
RSGs are more susceptible to high-cycle fatigue 
failure. Tubes with small dents can be kept 
inservice unless subsequently found to have stress 
corrosion cracking. Tubes with dents large 
enough to restrict calibrated goho go probes 
must be plugged because they are not inspectable 
and are expected to crack. 

Status. Denting of Alloy 600 tubes at tube-to- 
tube support plate intersections was first iden- 
tified as a significant steam generator degradation 
mechanism in about 1975, shortly after the time 
when many PWRs switched from phosphate to 
AVT secondary-side water chemistry, and this 
degradation mechanism became the primary 
cause of steam generator tube plugging during 
the period 1976 through 1979 (Figure 18). As of 
December 1993, 1,471 RSG tubes at 41 plants 
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(four Combustion Engineering and 37 Westing- 
house-type plants) had been plugged because of 
tubesheet and sludge pile denting and 9,092 RSG 
tubes at 17 plants (four Combustion Engineering 
and 13 Westinghouse-type plants) had been 
plugged because of support plate denting (EPRI 
1994). Significant support plate denting occurred 
at only five plants: Millstone Unit 2 (796 tubes), 
Surry Unit 1 (1,996 tubes), Surry Unit 2 (1,964 
tubes), Turkey Point Unit 3 (1,249 tubes), and 
Turkey Point Unit 4 (1,835 tubes); all of the 
original steam generators at those plants have 
since been replaced. The majority of the support 
plate denting has occurred on the hot leg side at 
plants with seawater or brackish water for con- 
denser cooling. 

CANDU units with the older Alloy 600 and 
Monel 400 steam generators with carbon steel 
supports have also experienced tube deformation 
due to deposit buildup in the tube-support gaps 
and corrosion of the supports. However, tube 
cracking has not been detected in the deformed 
areas. 

Mechanism. The denting mechanism has been 
studied extensively and its causes are relatively 
well-defined. Chlorides in the secondary-side 
feedwater resulting from condenser leaks or other 
water chemistry excursions are concentrated by 
local boiling in, for example, a crevice between 
a tube and drilled tube support plate. The 
chlorides result in an acidic environment, which 
causes rapid corrosion of the carbon steel support 
plate when sufficient oxygen is present, forming 
a nonprotective magnetite corrosion product 
more than twice the volume of the base metal. 
Growth of the corrosion product is linear with 
time because it is nonprotective and it gradually 
fills the annulus. Subsequent growth constricts 
the tube and can also cause deformation of the 
support plate. The primary factors influencing 
the corrosion rate are degree of superheat in the 
crevice and bulk water chloride and oxygen 
concentration. Copper oxide or ions may also 
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play an important role as a supplier of oxygen to 
the carbon steel support plates. Sulfates (e.g., 
from condensate polisher leakage) are believed to 
cause denting in the same manner as chlorides, 
though the laboratory test database is not as 
extensive. Some evidence of alkaline-induced 
denting has been seen in laboratory and field 
data, but this mechanism is not considered a 
significant source of field denting degradation 
(EPRI 1985a, Theus and Daniel 1984, Nordmann 
et al. 1983, McKay 1983). 

Denting was relatively uncommon when most 
plants used phosphate water chemistry, since the 
phosphates kept the crevice pH high. With AVT 
water chemistry, no buffering of the crevice 
environment occurs, and the potential for 
corrosion increases, Since the degradation is a 
strong function of crevice superheat, rates of 
denting progression are generally much higher in 
the hot leg. Widespread denting with growth 
up to 50 mils in depth has been experienced 
during single operating cycles in plants with high 
feedwater chloride concentrations. More 
commonly, somewhat lesser initial chloride 
concentrations produce much shallower dents; 
subsequent modifications to water chemistry can 
then be made before significant denting 
degradation has occurred. 

Onset of Tube Support Plate Denting. In 
contrast to mechanisms such as PWSCC or 
IGSCC, denting does not tend to occur 
progressively on a time scale of operational 
cycles with increasing numbers of tubes affected 
at each inspection. Denting, when it occurs, 
generally affects large numbers of tubes at 
approximately the same time (Le., the scatter in 
the times required to produce denting under 
proper chemical conditions is small). Most 
plants having experienced denting have 
implemented one or more remedial actions, once 
denting was discovered, These remedial methods 
are generally highly effective at halting the 
initiation and progression of dents. 
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In regard to predicting the initial onset of 
denting, recent work (Balkrishnan and Pathania 
1988) has resulted in the ability to produce rough 
estimates of the time-to-denting initiation based 
on bulk water chloride type and concentration 
and the tube-to-tube support plate radial gap. 
The time-to-denting initiation is relatively short in 
plants with sea or brackish water contamination 
(i . e., acid chloride contamination). The 
time-to-denting initiation will be much longer in 
plants with neutral salt in the bulk water. For 
example, plants with an acid chloride 
concentration of 20 ppb and a radial gap of 0.305 
mm (0.012 in.) could expect denting to initiate in 
about 2.5 years, while the plants with a neutral 
chloride concentration of 20 ppb and the same 
radial gap could expect denting in about 50 
years. For plants operating with chloride 
concentrations below the EPRI Water Chemistry 
Guidelines (EPRI 1993c), the time-to-denting 
initiation would be longer yet. 

Several factors in addition to chloride type and 
concentration and the tube-to-tube support plate 
radial gap can affect the corrosion rate. They 
include an exceptionally high or low degree of 
crevice superheat, excessive crevice fouling, 
crevice geometry (e.g., plain drilled, or 
quatrefoil), dissolved oxygen, and presence of 
copper. 

Sludge Pile Denting. Denting failures away 
from the tube support plates in the newer steam 
generators at EdF plants have also been reported. 
(Nucleonics Week 1989; de Keroulas and Lunven 
1990). Oxidation of metallic grit (iron shot) in 
the sludge around the tubes next to the tubesheet 
apparently caused swelling of the sludge and 
constriction (denting) on the hot leg tubes in the 
middle part of the tube bundle. The iron shot 
was used for surface cleaning of certain 
secondary-side components during initial 
construction of the plant (Nucleonics Week 
1990). A crack at one dent, probably due to 
PWSCC, leaked at a rate of about 3.1 Q/hr (0.82 
gph). As of December 1993, steam generator 
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tubes had been plugged at 31 French plants due 
to denting in the tubesheet region (EPRI 1994). 
Most of this degradation was apparently due to 
sludge pile expansion, but tubes with dents 
caused by tubesheet corrosion may also have 
been plugged. EdF has developed improved 
cleaning processes to mitigate this problem. 

Tubesheet Denting. A few plants have operated 
with a relatively acidic secondary-side water 
chemistry for significant periods of time which 
caused corrosion of their low alloy tubesheets 
and tube denting. Most of the dents caused by 
this mechanisms have been relatively small, but 
a few have been large enough to require 
plugging. 

3.2.6 High-Cycle Fatigue 

The combination of high vibration amplitude and 
low fatigue strength may lead to catastrophic 
fatigue failure. Vibration occurs in steam 
generators with high recirculation flow factors 
(causing flow-induced vibrations in the U-bend 
region) and improper AVB support. A high 
mean stress (e.g., residual stress) or a tube defect 
(fretting mark or crack) significantly reduces the 
fatigue strength. Therefore, tubes with dents, 
fret marks, or cracks at the top tube support plate 
in the U-bend region of the RSGs are susceptible 
to high-cycle fatigue failure. 

High-cycle fatigue ruptures have occurred in the 
U-bend regions of the North Anna Unit 1 and 
Mihama Unit 2 steam generators. Though 
high-cycle fatigue from tube vibrations is not a 
general problem in PWR steam generators, tube 
ruptures, such as those at North Anna and 
Mihama Unit 2, are of particular concern 
because they were 360" breaks located high up in 
the steam generator where the leak location can 
more readily become uncovered by secondary 
water. This can allow escape of fission products 
from the primary coolant without partitioning in 
the secondary water. For example, upon failure 
of the Mihama Unit 2 Steam Generator A tube, 

the primary system leak rate rapidly escalated 
from a very low level to a value exceeding the 
normal capacity of the charging pumps. The 
ruptured tube eventually released about 55,OOOkg 
(55 tons) of primary coolant to the secondary- 
coolant system. Approximately 1,300kg (1.3 
tons) of steam, 0.6 curie of radioactive noble 
gases, and 0.01 curie of radioactive iodine 
subsequently escaped from the damaged steam 
generator's relief valve to the environment. The 
reactor core remained submerged owing to the 
operation of the high-pressure injection system. 
The North Anna and Mihama tube ruptures are 
discussed in more detail in Section 4. 

Most of the earlier tube failures in CANDU 
steam generators tubed with Alloy 600 have been 
due to high-cycle fatigue. These failures were 
caused by flow-induced vibration and were 
initiated at either fret marks at the land areas of 
the upper trefoil tube support plates or more 
recently at stress corrosion cracks on the outside 
surfaces in the U-bend area and at the seventh 
support plate. These failures continue to occur in 
the older CANDU steam generators. The 
resulting fatigue cracks were circumferential, but 
did not lead to a tube rupture. 

3.2.7 Wastage 

The term wastage describes the relatively 
uniform corrosion and thinning of a steam 
generator tube on its outside surface (secondary- 
side of the steam generator). This degradation 
tends to occur in relatively stagnant regions in 
RSGs with secondary-side phosphate water 
chemistry, where phosphate solutions have 
become concentrated. These regions include the 
tube-to-tubesheet crevices, the tube-to-tube 
support plate annuli, and the sludge pile on the 
tubesheet. In addition, extensive wastage of the 
short radius U-bends in the vicinity of the AVBs 
in a few Combustion Engineering RSGs has also 
been reported (Stoller 1979). The 100 mm- 
(4in.-) wide flat carbon steel AVBs and the first 
11 rows of tubes formed a tight configuration that 
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caused steam blanketing; wastage was 
concentrated at the boundary of this region. 

Wastage of the peripheral tubes near the lower 
support plates on the cold leg sides of the RSGs 
in a few plants might also have been caused by 
acidic sulfates. Resin leakage from the 
condensate polisher beds could have produced 
the acidic sulfate environment. The phosphate 
corrosion or wastage is transgranular and may 
lead to significant thinning and, ultimately, to 
local ductile rupture and leakage. Phosphate 
wastage was the major cause of tube failures in 
PWR steam generators until about 1976. 
However it is no longer an active degradation 
mechanism in most of the PWR and CANDU 
plants because phosphate water chemistry is no 
longer used in most plants. 

3.3 pl-esum . ed Water Reactor Once-Through 
Steam Generator Tubes 

Once-through steam generators in the U.S. use 
the same Alloy 600 tubing materials as RSGs, yet 
these steam generators have experienced sub- 
stantially 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 once-through steam 
generators, as they do in RSGs. Table 10 lists 
once-through steam generator tube degradation 
mechanisms, sites, stressors, failure mode and 
inspection methods. The most com-mon tube 
degradation mechanisms are briefly discussed 
here. However, as noted below, even these 
mechanisms affect a relatively small per-centage 
of the tubes inservice. 

3.3.1 Erosion-Corrosion 

Entrained solid particles impinging on metal 
surfaces can cause material removal, wear, and 
mechanical damage, especially if there is a 
protective surface film present. This has 
happened to a variety of piping and tubing 

materials affected by particles with certain sizes , 
shapes, and hardnesses, and impinging velocities 
and angles. When the erosion factor is combined 
with a corrosive environment, the mechanical 
damage can be accelerated. In a noncorrosive 
environment, the erosion process simply removes 
metal from the tube wall. In a corrosive 
environment, the erosion process may first 
remove a protective film from the tube, thus 
making the tube susceptible to more corrosion 
and then more erosion. In both cases, wall metal 
loss occurs, either directly or by accelerated 
corrosion of the tube surface. 

Inspection of removed tubes indicates that 
erosion-corrosion has occurred in once-through 
steam generators, principally around the 
fourteenth tube support plate at the periphery of 
the tube bundle. The erosion-corrosion degra- 
dation mechanism results in dished-shaped 
depressions and metal loss on the outside of the 
tube. It is thought that solid particle impingement 
on the tubing is the most probable cause. This 
solid particle impingement, continually striking 
the tube, wears away the metal's protective oxide 
as well as the base metal. The source of the solid 
particles has not been positively identified but is 
thought to be caused by debris in the steam from 
the generator or the feedtrain. 

The fraction of tubes for all once-through steam 
generators affected by erosion-corrosion is small. 
Through December 1993, 1,622 tubes in four 
Babcock & Wilcox designed plants (about 0.75 % 
of the tubes inservice) have been taken out of 
service due to erosion-corrosion (EPRI 1994). 
More than half (991) have been from one plant, 
hence, the mechanism is not occurring at the 
same rate in all steam generators. No remedial 
measures to eliminate degradation of affected 
once-through steam generator tubes by 
erosion-corrosion have been identified, though 
some consideration has been given to chemical 
cleaning of the generators to remove solid 
corrosion products on the tube support plates. 
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Table 10. Summary of once-through steam generator tube degradation processes. 
Degradation Degradation Potential Inservice inspection 

Rank" site@) Stressors mechanism(s) failure mode method(s) 

1 Outside surfaces 
of the tubes on 
the periphery of 
the tube bundle 
near the 14th 
tube support 
plate 

2 Tubeoutside 
surfaces near the 
upper tubesheet 
and the open 
lane or near the 

support plate 
and the open 
lane 

uppermost tube 

3 Inside surfaces 
of tubes near the 
upper tubesheet 
roll transitions 
and welds 
(primary side) 

Velocities, sizes, shapes, 
impact angle, and 
hardness of particles 

Aggressive chemicals, 
vibration 

Sodium thiosulfate, air 

Erosion-corrosion from Wear of material Eddy-current testing 
impingement of particles 

Environmentally Circumferential cracks Eddy-current testing 
assisted high-cycle 
fatigue 

Low-temperature Circumferential cracks Eddy-current testing 
primary-side stress 
corrosion cracking 

a. Based on operating experience and number of defects. 

This would reduce the particulate content of the 
steam and, thus, reduce the rate of erosion. 

3.3.2 High-Cycle Fatigue 

Throughwall circumferential cracking has 
occurred in once-through steam generator tubes 
at the top tube support plate (i.e., 15th tube 
support plate) and at the bottom of the upper 
tubesheet in the inspection lane region. The 
inspection lane region includes about three rows 
of tubes on either side of the inspection lane and 
a few additional rows at the periphery. The 
cracks initiated at the outside diameter of the 
tubes and propagated circumferentially in a 
transgranular mode. Tube samples revealed a 
serpentine band of metal loss in the areas near 
the upper tube support plate and just below the 
lower face of the upper tubesheet (EPRI 1985a, 
Theus and Daniel 1984). Sometimes these metal 
loss areas contained microcracks that acted as the 

site for fatigue crack initiation. Laboratory tests 
indicate that the corrosive metal loss, including 
the microcracks, can be achieved with 
concentrations of sodium sulfate, silicates, and 
chlorides (Monter and Theus 1982). Thus, the 
degradation mechanism has been described as 
environmentally assisted high-cycle fatigue. 

The stressors for this corrosion fatigue cracking 
are believed to be deposits of concentrated 
impurities and cyclic vibration. Evaporation of 
the secondary-side water in the lower elevations 
of the once-through steam generators concen- 
trates any contaminants or impurities into the 
remaining droplets. The steam flow then carries 
these droplets up the open inspection lane to the 
upper tubesheet area, where the droplets impinge 
on the hot tubes around the inspection lane, dry 
out, and deposit the impurities. This process 
further concentrates the chemicals at selected 
locations on the steam generator tubes. 
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Babcock & Wilcox has reported that a total of 
158 tubes have been taken out of service (through 
August 1989) because of corrosion fatigue in 
seven domestic operating once-through steam 
generators (Snider 1989). These cumulative 
failures represent about 0.06% of the tubes 
inservice. Togo et al. (1985) indicate that the 
failures have mainly been associated with Oconee 
Units 1B and 2B, and the Arkansas Nuclear One 
Unit 1 once-through steam generator. Hence, the 
occurrence of this degradation mechanism for all 
once-through steam generators is minor, and the 
mechanism is not occurring at the same rate in all 
steam generators. Further, failures were 
occurring in the above generators when the plants 
were partially bypassing their condensate 
polishers. The failure rates went down when the 
condensate polishers were fully used (Theus and 
Daniel 1984). 

3.3.3 Low-Temperature Primary-Side Stress 
Corrosion Cracking 

Stress corrosion cracking on the inside surfaces 
(primary-side) was detected in the tubes of a 
once-through steam generator at TMI-1 in 1981, 
where essentially all the tubes were affected and 
1,619 tubes plugged and 502 tubes sleeved (Jones 
et al. 1982, Giacobbe et al. 1988). The incident 
is unique and the combination of conditions 
necessary to promote this type of attack is not 
expected to occur at other plants. Partially 
reduced sulfur species (e.g., sodium thiosulfate) 
had inadvertently been introduced into the 
primary system from the containment spray 
system. It is believed that aggressive concentra- 
tions of sodium thiosulfate and oxidizing condi- 
tions developed in the failure area from dry out 
and exposure to air and the cracking occurred 
during shutdown, while the plant was cooling 
from a hot test period. Most of the defects were 
circumferential in geometry and located in the 
upper part of the upper tubesheet near the weld 
heat-affected zone or the roll transition. The 
main protection against recurrence of this type of 
incident in once-through steam generators with 

sensitized tubing (due to heat treatment, see 
Section 2) is to avoid acidic oxidizing conditions 
by strict water chemistry controls and proper 
lay-up . 

3.3.4 Outside Diameter Intergranular Stress 
Corrosion Cracking and Intergranular Attack 

As discussed above in Section 3.2.2, IGSCC 
requires tensile stress, material susceptibility and 
a corrosive environment. IGSCC cracks occur 
along the grain boundaries, normal to the 
maximum principle stress. IGA is characterized 
by local, corrosive loss of material along the 
grain boundaries. Both mechanisms require a 
concentration of corrosive impurities on the 
outside surface of the tubing. 

Through December 1993, 543 tubes (about 
0.25 % of the once-through steam generator tubes 
inservice) at four plant were removed from 
service or repaired due to IGSCCIIGA (EPRI 
1994). The damage primarily occurred near the 
upper tubesheet (492 tubes). 

3.4 Russian VVER Steam Generator Tubes 

The horizontal, U-shaped tubing used in the 
VVER-440 and VVER-1000 reactors has been 
relatively trouble free. The VVER tubing is 
made of titanium-stabilized austenitic stainless 
steel with about 0.08% carbon, 18% chrome, 
10% nickel, 5 1 %  titanium and the rest mostly 
iron. Through the end of 1989, only about 2,815 
WER-440 tubes and 655 WER-lo00 tubes had 
been plugged out of a total of 1,774,480 tubes in 
operation; e.g., only about 0.2% of the total 
number of tubes had been plugged (Titov et al. 
1992). 

The main cause of damage has been outside 
surface stress corrosion cracking due to poor 
secondary-side water chemistry, primarily 
chloride ion and oxygen excursions, but also low 
pH and the presence of various organic 
compounds. Secondary-side chloride ion 
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concentrations of several hundred to several 
thousand ppb have been reported for relatively 
significant times (Raussokhin et at. 1992). Also, 
the effects of the chloride ions on the stress 
corrosion rate have been accelerated due to the 
presence of porous crud deposits in quantities in 
excess of 150 g/m2 (the recommended limit). 
The chloride ions tend to concentrate in the crud 
capillary structures by factors of le to lo6 (Titov 
et al. 1992, Mamet and Martynova 1993). At 
some VVER plants, the secondary-side pH has 
dropped below 7.8 (the original lower limit 
which has now been revised to 8.8 for the 
feedwater and 8.0 for the blowdown water) for 
up to 20% of the overall running time, and to the 
range of 5-6 for up to 2 % of the running time. 
Also, up to 700 ppb of acetic acid (due to organic 
compound breakdown) has been found in the 
feedwater at several plants (Martynova and 
Mamet 1991).These secondary-side chemistry 
excursions have also caused pitting corrosion, for 
example at the grid spacer locations at the 
Novovoronezh Units. There have also been a 
few collector weld defects which have resulted in 
plugged tubes. The repair criteria for the VVER 
steam generators is tube leakage and the method 
is plugging; e.g., leaking tubes are plugged, 
other indications (part throughwall defects) are 
usually ignored. 

3.5 Steam Generator Tubing Residual Life 
Estimates 

This section summarizes the steps of an overall 
approach used by the nuclear industry, but not 
necessarily approved of by the USNRC, for 
estimating the rate of degradation of steam 
generator tubes. The approach employs a 
statistical technique and an empirical model 
which is consistent with the known degradation 
processes. A statistical approach is useful 
because of the large number of tubes in each 
steam generator and because the rate of 
degradation of steam generator tubes is 
influenced by a number of materials and 
environmental variables. One statistical 
technique used by some plant operators is the 

65 

Weibull probability distribution which is easy to 
handle mathematically and has been successfully 
used to describe the statistics of material failure 
caused by fatigue and stress corrosion cracking. 
An alternate to the Weibull distribution is the log- 
normal probability distribution. This method has 
proven particularly useful for the analysis of 
laboratory corrosion results (and is, in fact, 
suggested by the National Association of 
Corrosion Engineers for that purpose), and for 
long-term projections of degradation in operating 
steam generators. However, in view of its 
broader use in recent analyses, the Weibull 
distribution will be emphasized here. 

The equation for the two-parameter Weibull 
distribution (Lipson and Sheth 1973) is 

F(t) = 1 - exp[-(t/tJb] 

where 

F(t) = cumulative fraction of tubes 
"failed" by a given degradation 
mechanism 

t time of operation using 
an appropriate time 
scale 

- - characteristic time of the 
Weibull probability dis- 
tribution (63.2% of a 
population has failed by 
the completion of a per- 
iod of service equal to 
the characteristic time; 
the value of t, depends 
on the environment of 
the tube at the failure 
location) 

b the slope of the 
distribution when plotted 
on a Weibull probability 
graph. 
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The fraction F(t) in the Weibull equation is the 
fraction of tubes that are "failed" according to a 
particular criterion. Generally, a tube is 
considered to have failed when it is removed 
from service (plugged) or repaired by sleeving 
because of defects produced by the degradation 
mechanism being analyzed. For some purposes, 
it is useful to use a criterion other than plugging 
or sleeving to define the failed condition for 
analysis purposes. EFPY is generally used as a 
convenient measure of time of operation (total 
energy generated divided by the reactor rated 
power). This measure of time provides an 
approximate means of accounting for the effects 
of changes in operating temperature of the tubes 
for different reactor operating conditions. If the 
reactor has operated for an extended period of 
time at substantially reduced power, equivalent 
full power years should be used. However, the 
determination of equivalent full power years 
requires a value of the activation energy for the 
degradation mechanism being analyzed (Shah et 
al. 1992). 

The parameters b and t, in the Weibull equation 
are adjustable parameters generally determined 
by fitting the distribution function to the observed 
data. The exponent b defines the slope of the 
Weibull curve. Its value determines how much 
scatter there is in times to failure among a given 
population. This exponent accounts for the 
random variations of properties between different 
tubes in one steam generator. The characteristic 
time t, in the Weibull equation is the basic rate 
constant of the degradation process. As several 
of the degradation mechanisms that affect steam 
generator tubes are considered to be stress 
assisted, thermally activated processes, the 
parameter t, is primarily a function of 
temperature, stress, and chemical environment. 
For such mechanisms, an Arrhenius equation for 
the characteristic time t, is used 

t, = A a-m exp [Q/R (UT - 
l/TO)l 
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where 

tr 

T 

(T 

m 

Q 

R 

TO 

A 

characteristic time ap- 
propriate to a specific 
location 

temperature for the spe- 
cific location 

appropriate stress com- 
ponent for the location 

constant describing the 
stress dependence of the 
degradation mechanism 

activation energy of the 
degradation mechanism 

gas constant 

temperature for a stan- 
dard reference condition 
such as full power con- 
dition 

constant determined 
from t, = A uim, where 
t ro is the characteristic 
time for reference con- 
dition To, 0,. 

Various estimates for the activation energy Q 
have been derived from laboratory studies and 
field experience. For example, the estimate for 
the activation energy for the PWSCC mechanism 
ranges from 39 to 65 kcal/mole, with a best 
estimate value of 50 kcal/mole (Gorman et al. 
1991, Stein and McIlree 1986). The stress 
exponent value (m) is approximately 4 and is 
briefly discussed in Section 3.2.1. The constant 
A is a scaling constant determined by the 
characteristic time for some standard stress level 
and reference temperature. The value of A will 
change whenever there is a systematic change in 
the material characteristics and chemical 
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environment, the average stress level at the 
location of interest, or other conditions that may 
differ from plant to plant. 

Figure 26 represents the application of the 
Weibull model for an assessment of PWSCC 
damage to the hot-leg transition region of 
recirculating steam generator tubes. Tube 
inspection data from several plants for PWSCC 
failure in the hot-leg transition and rolled portion 
of the tube near the top of the tubesheet have 
been compiled and plotted using a Weibull 
distribution. These plants use similar detection 
technologies and have similar low-temperature 
mill-annealed tubing material and primary water 
chemistry. Therefore all the tubes in all the 
plants are within the same PWSCC population. 
All the tubes are included in the analysis. The 
plots illustrate the scatter expected in plant 
inspection data for PWSCC degradation. The 
data for each plant lie approximately on a straight 
line, except where perturbed by application of 
peening as a remedial measure. Even though the 
intercepts and the slopes (Weibull exponents b) 
for each plot vary, the slopes scatter around the 
bold dashed line drawn for a Weibull exponent of 
3.0. Therefore an exponent of 3.0 can be used to 
make short extrapolations to predict the future 
rate of degradation at a plant where insufficient 
data are available to establish a plant-specific 
slope. However, when looking at a Weibull plot 
of steam generator tubing failure data (or eddy- 
current indications of defects) over a longer 
period of time, the slope tends to taper off and 
the rate of cracking is over predicted when a 
slope of 3 is used. This has led some plant 
operators to use log-normal statistics for 
projections. 

Although a number of steam generator experts in 
the nuclear industry are quite comfortable with 
this approach, some experts at the USNRC and 
the national laboratories question its validity. An 
Arrhenius equation is an empirical correlation 
which may be qualitatively useful, but may not, 
and in the case of Alloy 600 tubing, has not 
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always provided accurate life predictions. The 
failure of the calculated time to correlate with the 
field experience may arise from several 
uncertainties in the input variables. Frequently, 
the activation energy is given as 50 kcal/mole, 
however, the basis for this value is suspect. 
Some recent events have suggested that the value 
is temperature dependent and may be as low as 
35 kcal/mole. Additionally, a single value of 
activation energy may not be valid for both 
incubation and crack growth, as is generally 
assumed when life prediction calculations are 
performed. Also, not all of the variables 
controlling stress corrosion cracking in steam 
generator tubes have necessarily been identified, 
and thus, their omission from the equation can 
only lead to erroneous results. This opinion is 
supported by the consistent failure of accelerated 
laboratory corrosion tests to correlate with field 
experiences with cracking in Alloy 600. 

3.6 Pressurized Water Reactor and CANDU 
Reactor Steam Generator Shell, Feedwater 
Nozzle, and Tubesheet Degradation 

This section discusses degradation mechanisms in 
steam generator shells and feedwater nozzles. 
Corrosion fatigue, high-cycle thermal fatigue, 
and stress corrosion cracking have caused 
cracking on the secondary-sides of the PWR 
steam generator shells. PWR primary-side 
degradation has not been observed and there has 
been no PWR tubesheet or CANDU shell, 
nozzle, or tubesheet degradation reported. 
Thermal fatigue and erosion-corrosion are 
responsible for most of the aging degradation that 
has occurred in PWR feedwater nozzles and the 
nozzle-to-pipe weld regions. Aging degradation 
may cause leakage but probably not failure, 
however, it may also weaken the system and 
reduce the safety margin so that another event, 
such as a pressure pulse or a water hammer, 
could be the final cause of a rupture. Primary- 
side divider plate damage has occurred at some 
CANDU units. 
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Figure 26. Weibull analysis of data for PWSCC at hot leg roll transitions and rolled area below the top 
of the tubesheet for plants with full depth rolls. Courtesy of A.P.L. Turner, Dominion Engineering. 

Table 11 lists, and ranks by importance, the a much larger leak then from a steam generator 
degradation mechanisms, sites, stressors, failure shell crack and could not be isolated from the 
modes, consequences, and inspection methods for steam generator and could lead to rapid 
the PWR feedwater nozzles and the steam blowdown of the steam generator. Such a break 
generator shells. The feedwater nozzle is ranked would challenge the integrity of any severely 
highest, because a break at this point would cause degraded tubes. 
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Table 11. Suminary of degradation processes for PWR feedwater nozzles and steam generator shell. 
Inservice inspection 

Rank' Degradation site(s) Stressors Degradation mechirnism(s) Potential failure mode method( s) 

1 Feedwater nozzle and nozzle-to-piping Flow velocity, O2 content and pll level in High and low cycle fiitigue, Rupture from wall Ultrasonic testing 
weld feedwater, impurities, stratified flows, erosion-corrosion, thinning, leakage through radiography 

thermal shocks, water hammer. plant 
transients from water hammer 

fatigue cracks. rupture 

2 Steam generator slicll girth weltls Plant transients, oxygenated coolnnt Corrosioii-fiitigiie, stress Lenknge thriitigli fatigue or Ultrasonic testing, 
containing copper oxide, in-leakage of corrosion cracking stress-corrosion cracks radiography 
brackish water through condenser tuhes. 
residual stresses 

3 Feedwater nozzle bore, blend radius, Leakage of feedwater through the nozzle I ligli-cycle tlicriiial fiitigue Leakage through fatigue Ultrasonic testing. 
shell inside surface beneath the nozzle thermal sleeve joint causing turbulent cracks radiography 

mixing of cold feedwater and hot steam 
generator coolant 

feedwater, impurities parts, thermal fatigue to inspection unnecessary 
4 J-hibes and feedring Flow velocity, 0, content and p l l  level in Erosion-corrosion Damage caused by loose Problem remedied. 

shell u! m 

a. Currently performed but not included in the inservice inspection requirements. 

s 
s 

il 
E! 

P 

U 
5 
ij 
Z 



STEAM GENERATOR DEGRADATION 

3.6.1 PWR Steam Generator Shells 

Corrosion-Fatigue. High-amplitude, low-fre- 
quency cyclic stresses, combined with coolant 
containing oxygen and copper oxides have caused 
corrosion-fatigue damage to the upper girth weld, 
i.e. upper shell to transition cone weld, in about 
seven RSG shells in the U.S. (Note that 
significant concentrations of copper oxides are 
associated with copper alloys in the feedtrain.) 
The presence of oxygen and copper oxides 
probably contributes to the formation of surface 
pits, which act as stress raisers, and therefore, as 
sites for fatigue crack initiation in the steam 
generator shell. During a few transient events, 
the water level in the steam generator drops 
below the girth weld region, and the incoming 
feedwater impinges on the girth weld and 
produces rather high stresses (Bamford, Rao, 
and Houtman 1992). Also, fluctuations in the 
steam generator water level will impose thermal 
fatigue cycles on the steam generator shell. 

Shallow circumferential cracks have been 
observed in the girth weld under the feedwater 
nozzle, mainly in the heat-affected zone, with 
little penetration in the base metal. This suggests 
that the fracture toughness of the heat-affected 
zone was substantially lower than that of the base 
metal, and that the stresses were large enough to 
drive the cracks through the heat-affected zone 
but not through the base metal (Kobayashi and 
Shockey 1991). 

Transgranular Stress Corrosion Cracking. 
Steam generator shell material subjected to high 
tensile stresses and oxygenated secondary coolant 
containing copper oxides is susceptible to 
transgranular stress corrosion cracking. High 
tensile stresses include both weld residual and 
operating stresses. Transgranular stress corro- 
sion cracking and corrosion fatigue are differen- 
tiated by their load histories. Transgranular stress 
corrosion cracking occurs when the applied 
stresses are constant or have a very small 
fluctuation, i.e., the ratio of the mini- 
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mum-to-maximum stress intensity factors is close 
to one. Corrosion fatigue occurs when the 
applied stresses are cyclic and the ratio of stress 
intensity factors is smaller than about 0.95. 

Circumferential cracks and linear indications 
have been detected on the inside surface of the 
girth welds in 18 steam generators in the U.S., 
all of which are Westinghouse Models 44 and 51 
with a feedring design (USNRC 1990a). This 
type of cracking was first observed in 1982 when 
a girth weld of a steam generator leaked at a 
U. S . plant (USNRC 1982). Linear indications 
have also been detected at least one non-U.S. 
plant. In most of these cases, the girth weld 
region was predominantly subject to static loads 
and the cracking was caused by transgranular 
stress corrosion cracking. 

Leak-before-break analyses show that a stress 
corrosion crack will grow through the shell wall 
and produce a measurable leak before it exceeds 
the critical flaw size and the vessel ruptures 
(Westinghouse 1990). Field experience to date 
supports this analysis. Inspection port holes in 
the steam generators have also experienced 
cracking, most likely stress corrosion cracking, 
on the inside surface. Grinding of the inspection 
port hole might have introduced the residual 
stresses needed for stress corrosion cracking. 

High-Cycle Fatigue. High-cycle fatigue 
degradation can be caused by cyclic thermal 
stratification, thermal striping, and turbulent 
mixing of leaking cold feedwater (if any) with 
hot steam generator coolant. Any leakage of the 
feedwater through the feedwater nozzle-thermal 
sleeve joint can cause thermal stratification, 
turbulent mixing, and thermal shocks in the 
feedwater nozzle. These thermal stresses can 
promote fatigue damage in the nozzle bore, 
nozzle blend radius, and the inside surface of the 
shell. At one PWR plant in the U.S., the 
feedwater nozzle bore region, blend radius, 
steam generator shell inside surface beneath the 
nozzle (see Figure 16a), and feedring support 
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bracket welds have all experienced cracking, 
probably due to both thermal fatigue and stress 
corrosion. 

3.6.2 Feedwater Nozzles 

Corrosion-fatigue cracks, caused by coolant 
thermal stratification and the stress concentrations 
at a counterbore (a joint between the feedwater 
nozzle and piping with a geometric discon- 
tinuity), have been observed in the vicinity of the 
feedwater nozzles as shown in Figure 16b. 
Under low feedwater flow conditions, typically 
during hot standby when the feedwater is 
supplied by the auxiliary feedwater system, the 
relatively cool feedwater tends to flow along the 
bottom of the horizontal sections of the piping 
adjacent to the feedwater nozzle, with the top 
portion containing hot water. This thermal 
stratification may lead to two different stressors 
which cause fatigue damage: cyclic local 
stratification and "thermal striping. " Cyclic local 
stratification stresses, caused by small auxiliary 
feedwater flow fluctuations and subsequent 
changes in elevation of the interface between the 
hot and cold layers, can produce significant stress 
changes at a point in the pipe cross-section. 
Thermal striping, due to turbulent mixing at the 
interface of the hot and cold layers, can produce 
high-cycle fatigue crack initiation, generally a 
surface effect. Thermal striping does not 
propagate cracks; however, cyclic thermal 
stratification may propagate shallow cracks 
caused by thermal striping. The stress 
concentration at the sharp transition from the 
smaller thickness nozzle to the larger thickness 
feedwater pipe near the nozzle/pipe weld 
counterbore can also promote cracking in this 
region (Cofie et al., 1994). 

On June 25, 1979, the USNRC issued Bulletin 
79-13, requesting examinations of the feedwater 
nozzles and adjacent piping in the U.S. to 
address the safety concerns raised by fatigue 
cracking (USNRC 1979). The resulting 
inspections revealed pipe cracks in the vicinity of 

the feedwater nozzles at 18 of the 54 facilities 
inspected (Cofie et al., 1994). All cracks were 
corrosion-fatigue cracks caused by cyclic thermal 
stratification, except the cracks at one plant, 
which were identified as stress corrosion 
cracking (USNRC 1979). Recently, feedwater 
fatigue cracking has again been observed at 
several U . S . plants, including a throughwall 
crack at one unit. This cracking appears to have 
been caused by high stresses at the counterbore 
and fluctuations in the auxiliary feedwater flow, 
water chemistry may also have played a 
secondary role. 

Both carbon steel piping material and carbon 
steel or low-alloy steam generator shell material 
are susceptible to corrosion fatigue if they 
contain sulfur inclusions, such as manganese 
sulfides (Bamford et al. 1987, Van der Sluys and 
Cullen 1987). The morphology and distribution 
of the sulfides can cause crack growth in 
low-alloy pressure vessel steels to differ by a 
factor of two, depending on the crack plane 
orientation (Van der Sluys 1982). Environmental 
effects appear highest for steels with 
medium-to-high concentrations of sulfur (>0.015 
wt%) in highly oxygenated water; environmental 
effects may be negligible in low sulfur (CO.010 
wt%) steels in deoxygenated water. 

3.6.3 Erosion-Corrosion of the Thermal 
Sleeves, J-tubes, Feedrings, and Divider Plates 

Erosion-corrosion is a flow-assisted corrosion 
mechanism that affects carbon steel piping 
carrying single-phase, subcooled feedwater and 
steam lines carrying wet steam. The damage 
caused by erosion-corrosion is higher than 
damage attributed to erosion or corrosion alone. 
Carbon steel feedwater piping corrodes during 
normal operation, forming a thin layer of iron 
oxide [mostly magnetite (Fe,O,)] 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 
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erosion are present, the layer of iron oxide will 
dissolve and the uncorroded metal surface will 
again be exposed to the corrosive environment, 
and piping corrosion will continue. Thus, the 
continuous process of oxide growth and 
dissolution leads to thinning of the pipe wall and 
ultimately to a catastrophic failure when the pipe 
is subject to a pressure pulse of large magnitude. 
Figure 27 presents a simple model describing the 
phenomena occurring during erosion-corrosion 
(Sanchez-Caldera 1984). 

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

Piping configuration 
Feedwater temperature 
Bulk-flow velocity 
Turbulence 
pH level 
Oxygen content 
Impurities 
Piping material 

A. Iron hydroxides are generated: Fe i 2H2 0 - Fe(OH)2 + H2 
B. Magnetite is formed according to the Schikorr reaction: 

3Fe(OH)2 --3 Fe304 i H2 +2H2O 
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 pores 
E. Magnetite dissolves at the oxide-water interface 
F. Water flow removes the dissolved species by a convection mass transfer mechanism 
G. Solid particles break off porous oxide layer by a mechanical 

erosion mechanism 
N91 0447 

Figure 27. Phenomena occurring during erosion-corrosion (Sanchez-Caldera 1984). 
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Carbon steel components with less than 0.1 wt % 
Cr are susceptible to erosion-corrosion damage. 
Although erosion-corrosion is a greater concern 
in PWR feedwater piping, steam generator 
components have also experienced damage from 
this mechanism. Erosion-corrosion of the 
thermal sleeve at Diablo Canyon Unit 1 was 
recently reported (USNRC 1993). The carbon 
steel J-tubes and feedrings within RSGs have also 
experienced significant erosion-corrosion-induced 
wall thinning. The affected J-tubes have been 
repaired or replaced with Alloy 600 J-tubes. 

Erosion-corrosion damage of some of the carbon 
steel primary-side divider plates in the CANDU 
steam generators, as well as fatigue damage to 
the divider plate bolts (also carbon steel), has 
been reported. (The primary-side divider plate is 
located below the tubesheet in the lower plenum 
of the RSGs.). The erosion-corrosion of the 
plate and fatigue of the bolts caused increased 
divider plate leakage and excessive bypass flow, 
which decreased the performance of the steam 
generators somewhat. Fatigue of the bolts may 
also lead to loose parts damage to the tubesheet. 

3.7 Russian VVER Collector, Shell, and 
Feedwater Distribution System Degradation 

Although the VVER tubing has been relatively 
trouble free, stress corrosion cracking of the 
VVER-1000 cold collectors and erosion- 
corrosion of the VVER feedwater distribution 
systems has occurred. The stress corrosion 
cracking of the collectors is discussed first, 
followed by a brief discussion of the feedwater 
problems. 

3.7.1 Stress Corrosion Cracking of the 
VVER-1000 Collectors 

In contrast with the vertical tube bundles and 
horizontal flat tubesheets used in the West, the 
VVER steam generator tube bundles are 
horizontal and are attached to the walls of two 
vertical cylindrical collectors or headers. 
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Primary coolant from the reactor core region 
enters through the inlet (hot) collector, passes 
through the U-shaped tubing, and leaves through 
the outlet (cold) collector. The VVER-1000 
collectors are fabricated from pearlitic steel and 
clad on the inside with austenitic stainless steel. 
The hot and cold collectors are similar with 
normal operating temperatures at 320°C (608°F) 
and 290°C (554"F), respectively. The inner 
diameter of the WER-1000 collectors is 834 mm 
and the wall thickness is 171 mm. 

Higher than normal radioactivity levels were 
observed in the secondary system of South 
Ukraine Unit 1 in late 1986. It was determined 
that three adjoining ligaments in the cold 
collector of one of the four steam generators had 
developed throughwall cracks resulting in failure 
of the tube-to-collector inside surface cladding 
welds and significant leakage of primary coolant 
into the secondary system (Titov 1991). This 
steam generator had been in operation for less 
than one year. As of July 1993, 33 steam 
generators at eight VVER-1000 plants had been 
replaced because of failure or the potential of 
failure of the cold collectors (Koryakin 1993, 
Titov 1991). These replacements occurred at 
only 3-25% of the design lifetime (240,000 hrs). 
Cracking and potential rupture of the VVER 
collectors is of concern not only because of the 
economic losses associated with repairing or 
replacing these steam generators, but also 
because of public safety. Radioactive primary 
coolant could be discharged to the environment 
via the main steam atmosphere dump valves if 
they stick open. Worst case calculations suggest 
that about 200 tons of primary system, steam 
generator, and emergency core cooling water 
might be released. Also, long term cooling 
might be lost if the atmospheric dump valves do 
not close properly because there are no isolation 
valves on the atmospheric dump valve lines 
(IAEA 1994). 

Metallographic examination of failed collector 
material "showed that the cracks were corrosion- 
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induced, mechanical in nature, initiating and 
propagating from the secondary circuit side, at 
first via an intercrystalline and then via an 
intergranular mechanism" (Titov 199 1). The 
maximum crack length (as a sum of the lengths 
of the affected ligaments) on the secondary-side 
was about 1,000 mm. The maximum 
throughwall crack length on the primary-side was 
about 10-15 mm. To date, cracks have been 
found only in the cold collectors. However, 
"indications" have also been reported for the hot 
collector (IAEA 1993). Three types of cracks 
have been observed: satellite cracks with widths 
up to 0.1 mm and lengths up to 1 mm; planetary 
cracks between two adjacent holes with widths up 
to 0.5 mm, lengths across the ligament, and 
depths up to 30 mm; and arterial cracks through 
several (up to 30) holes with lengths up to 1,000 
mm, widths more than 0.5 mm, and depths 
through the wall (171 mm). The maximum crack 
propagation rate was six ligaments within one 
operating cycle (approximately 18 months). 

The metallographic examinations also showed 
that the cracks usually started at a crevice 
between the collector hole and a nonexpanded 
tube, near the nonperforated zone (V- 
configuration) of the collector. The cracks start 
at pits and grow across the ligaments first, 
further growth occurs through the wall. The wall 
is penetrated only after cracking of several 
ligaments. Ductile cladding failure occurs after 
the cracks penetrate the collector wall. 

Investigation and analysis of the design, 
fabrication, operational loads, and water 
chemistry conditions led to the following findings 
(Titov 1991, Titov 1993): 

The tubing in the steam generators with 
collector cracking had been explosively 
expanded into the coilectors using 
"rigid" charges. This procedure led to 
deformation of the collectors, seizure of 
the upper part of the coIlector in the 
steam generator vessel flange, and 

residual stresses near yield in the 
collector ligaments. 

(b) The collector hole drilling techniques 
coupled with the explosive tube rolling 
led to the formation of a layer of 
embrittled, highly coId work material on 
the inside surface of the collector holes 
which was sensitive to cracking. 

(c) Crevices with depths up to 20 mm were 
present due to under-expansion of the 
tubes. These crevices collected impurity 
deposits which promoted stress corrosion 
cracking. The deposits in the cold 
collector crevices tended to be porous, 
whereas, the deposits in the hot collector 
crevices were generally dense enough to 
prevent water ingress. 

(d) The pearlitic steel used for the WER-  
lo00 collectors undergoes strain aging at 
about 290°C (554°F). It is also more 
susceptible to stress corrosion cracking at 
temperatures below 280°C (536°F) than 
at higher temperatures. 

(e) Abnormal secondary water chemistry 
conditions accelerated the cracking 
process, especially a drop in pH to acid 
conditions (as low as 4.3) and significant 
periods when the chlorine ions ranged 
from a few hundred to a few thousand 
ppb rather then the specified less than 
150 ppb (Gorbatykh 1993, Martynova 
and Mamet 1991, Rassokhin et al. 1992). 
Excessive oxygen due to aerated 
auxiliary feedwater and copper from the 
condenser tubes may also have 
contributed to the problem (IAEA 1993). 
The steel fabrication process may have 
created MnS inclusions which acted as 
sites for crack initiation. 

(f) 

To improve the performance of steam generators 
already in operation, the following changes were 
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made: release of the collector upper racks, low 
temperature heat treatment (450°C) of the 
collector perforated zone, and improvements in 
secondary water chemistry. These changes 
helped but were not fully effective. For steam 
generators fabricated but not in operation, a high 
temperature heat treatment at 650°C was 
conducted along with full depth hydraulic 
expansion of the tubes. The new VVER-1000U 
design will probably use titanium stabilized 
austenitic stainless steel in the perforated regions 
of the collectors rather then low alloy steel and 
the tubes will be expanded hydraulically. 

The WER-1000 steam generators fabricated in 
the Czech Republic by Vitkovice, J. S .  C. for the 
Temelin plant incorporated several improvements 
to address these problems. All their Type 
lOGN2MFA low alloy steel was doubly vacuum 
treated to minimize the gas concentrations and 
secure a homogeneous chemical composition. 
The phosphorus and sulfur contents were 
reduced. The collectors were forged so as to 
suppress macrosegregations on their inner 
surfaces. The tubing was expanded to the 
collector wall by a hydraulic expansion process 
which minimized the residual stresses and 
crevices. 

3.7.2 Erosion-Corrosion of the VVER 
Feedwater Distribution Systems 

As discussed in Section 3.6.3, erosion-corrosion 
is a flow-assisted corrosion mechanism where 
damage caused by erosion-corrosion is higher 
than damage attributed to erosion or corrosion 
alone. The factors affecting the erosion- 
corrosion rate include piping configuration, 
feedwater temperature, pH, bulk-flow velocity, 
turbulence, oxygen content, impurities and 
material. 

A current issue involves the erosion-corrosion of 
the VVER- 1000 feedwater distribution systems. 
The VVER-440 feedwater distribution system is 
shown in Figure 7 and consists of a feedwater 
pipe which enters the steam generator vessel on 
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the side opposite the hot collector in the steam 
region, travels across half the table bundle, and 
then travels down to about the center of the tube 
bundle where it connects via a tee joint with a 
horizontal manifold. The horizontal manifold is 
equipped with a number of nozzles directed 
down, through which sub-cooled feedwater is 
injected into the corridor between the two sides 
of the tube bundle to mix with the saturated 
liquid. The system was originally fabricated with 
mild carbon steel. Flow-assisted corrosion of the 
nozzles has occurred at a number of plants 
including Dukovany, Paks and Rovno. The 
damage has ranged from modest wall loss to 
complete nozzle destruction (the nozzles closest 
to the tee tend to be more damaged). Erosion- 
corrosion of the tee joint has also been observed, 
which could lead to cold feedwater spray onto the 
hot collector. 

Loss of the feedwater distribution nozzles is not 
considered a major safety issue because 
experiments conducted at OKB Gidropress has 
shown that the feedwater flow distribution is still 
adequate. However, the missing parts may cause 
fretting damage to the steam generator tubes or 
damage the valves in the blow down lines (only 
2 of the 13 missing feedwater distribution nozzles 
at Paks have been found). Also, continued 
erosion-corrosion of the system will eventually 
destroy the tee joint. 

In response to this problem, OKB Gidropress has 
designed a new VVER-440 feedwater system 
which has similar geometry but is made of 
titanium-stabilized austenitic stainless steel. This 
new system has been installed in the Rovno steam 
generators and will be installed in the Paks steam 
generators. Another retrofit design prepared by 
Vitkovice in the Czech Republic is characterized 
by a manifold above the water level and 
feedwater distribution through long downcomers 
into mixing boxes situated at the level of the 
previous feedwater manifold. This design has 
been installed in the Dukovany steam generators 
(16 steam generators) and one Bohunice steam 
generator. A slightly different upper feedwater 
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system was installed in another Bohunice steam 
generator. The tee joints were repaired at 
Loviisa in 1989-1990. Later, on finding 
extensive damage to the feedwater distribution 
nozzles, a program of feedwater system piping 
replacement was begun. 

Erosion-corrosion of the WER-1000 steam 
generator feedwater distribution system may also 
be a problem, and alternate designs and materials 
are being evaluated by OKB Gidropress . 

3.7.3 Failure of Collector Cover Bolts 

The VVER steam generator collectors are sealed 
at the top with covers (plates) which are bolted to 
thin flanges around the top of the collectors (see 
Figures 7b and 8b). On January 24, 1982 all 
twenty bolts holding the cover on the hot 
collector in Steam Generator Number 5 at Rovno 
Unit-1 broke during a reactor power increase 
from 75 to 82%. The cover blew off (lifted), 
creating a break area around the collector 
circumference with an equivalent diameter of 
about 120 m. The primary coolant system 
pressure dropped rapidly and the reactor was 
automatically scrammed at 12 seconds. All three 
trains of emergency core cooling started shortly 
thereafter. At 13 minutes, the operators shut off 
the reactor coolant pump in Loop 5 and 
attempted to close the isolation valve but it would 
not fully close (the primary coolant pressure was 
about 4MPa (580 psi). 

Between 30 and 39 minutes the operators were 
able to improve the leak tightness of the Loop 5 
isolation valve, but also noted that Loop 3 was 
leaking. Eleven of the twenty bolts on the hot 
collector cover in Steam Generator Number 3 
were later found to be broken. The operators 
shutdown the Loop 3 reactor coolant pump and 
tried to close the Loop 3 isolation valve. It 
initially closed only 50% of the way. The result 
of these actions (full isolation of Loop 5 and 
partial isolation of Loop 3 and full emergency 
core cooling flow) was that the primary system 
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pressure increased to 105 atmospheres at 39 
minutes and then all twenty bolts on the cover of 
the hot collector in Steam Generator 1 broke. 
(Also, four of the twenty bolts on the cover of 
the hot collector in Steam Generator 4 broke at 
some point.) The primary coolant system 
pressure then dropped back to about 40 
atmospheres within about one minute. At 65 
minutes, there were indications that some of the 
steam generators were overfilled and there was 
water in the steam lines. Eventually, all four 
defective steam generators were isolated and the 
plant was cooled using Loops 2 and 6 only. 
Altogether, about 1,100 tons of primary coolant 
and emergency core cooling water was lost to the 
secondary side and about 20 tons were released 
to the environment along with about 17 curies of 
radioactive material (Solovyev 1992). 

Inspection of the bolts after the accident 
determined that the failures probably occurred as 
a result of corrosion-fatigue damage. The bolting 
material chemical and mechanical properties 
were within specification, however, there was 
some non-uniformity in yield strength (56 to 67 
Kg/m2) and hardness (1 9 to 27 Rockwell). Forty 
percent of the fracture surfaces had a clearly 
visible striated structure characteristic of fatigue 
damage. There were differences in grain size 
ranging from 3 to 9 degrees BALL and carbide 
inclusions. The "character of the fracture 
surfaces was brittle" with numerous inter- and 
trans-granular microcracks. The breaks occurred 
in the transition region from the threaded to non- 
threaded material or in the first few threads. 
Some of the microcracks appeared to have been 
present for a considerable period of time. Due to 
wear of the top cover seals, there had been 
primary to secondary coolant system leakage 
from the hot collector covers in Steam generators 
1, 3, 4, and 5 and the bolts had been screwed 
down very tight the previous year creating high 
tensile stresses. Other possible reasons for the 
bolt cracking include water level oscillations and 
splashing on the secondary side which caused 
thermo-cycling and fatigue damage and may have 
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caused an accumulation of impurities in the bolt 
region, a poor choice of bolt lubricant, and high 
chloride levels on the secondary side (Solovyev 
1992, IAEA 1995). 

Corrective measures at Rovno included a new 
procedure for tightening the bolts, a change in 
the stud lubricant from molybdenum sulfide to 
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copper-graphite, a change in the secondary side 
chloride limits from 500 to 50 ppm, and better 
secondary side water level control. Also, the 
bolts and covers on all the Rovno steam 
generator collectors were replaced. Other 
VVER-440 plants have also implemented 
nitrogen-16 monitoring on the main steam lines 
in response to this accident (IAEA 1995). 
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4. STEAM GENERATOR TUBE RUPTURE EVENTS 

Ten steam generator tube rupture events are 
discussed in this section. A variety of 
degradation mechanisms have caused these 
ruptures including wastage, PWSCC, wear, 
ODSCC, and high-cycle fatigue. In each case, 
the rupture caused a complex plant transient 
which challenged the operators. The operator 
actions during these accidents were directed 
towards: 

maintaining the primary coolant subcooled, 

minimizing the leakage from the primary 
system to the secondary coolant system, and 

preventing the release of radioactivity from 
the damaged steam generator. 

Their success varied somewhat, however, none 
of these accidents resulted in a significant dose to 
the public. 

The ten steam generator tubing rupture events are 
discussed in chronological order in Sections 4.1 
through 4.10. The leak rate, degradation mech- 
anism, rupture size and location, stressor, and 
plant transient information for all ten events are 
summarized and compared in Section 4.11. A 
few of the more recent and better publicized 
incipient steam generator tube rupture events in 
the U.S. are briefly discussed in Section 4.12. 

The USNRC classifies a steam generator tube 
rupture event as a primary to secondary leak 
through a break in a steam generator tube in 
excess of the normal charging flow capacity of 
the reactor coolant system (USNRC 1988a). At 
Surry Unit 2, the same high pressure pumps are 
used for both charging and safety injection. The 
rupture discussed in Section 4.2 resulted in a leak 
rate that was within the capacity of the pumps, 
but only when the system was aligned for safety 
injection. Therefore, the Surry event is 

considered to be a steam generator tube rupture 
rather than a steam generator leak. The Fort 
Calhoun tube rupture discussed in Section 4.6 
resulted in a relatively low leak rate that was 
initially within the normal charging flow capacity 
of the plant. However, the volume control tank 
was depleted after about 27 minutes and the 
charging pumps had to be secured. Therefore, 
the Fort Calhoun event should also be 
categorized as a steam generator tube rupture 
rather than a steam generator leak. 

4.1 Point Beach Unit 1 

A 470 Umin (125 gpm) leak developed in Steam 
Generator B at Point Beach Unit 1 on February 
26, 1975 (USNRC 1980). The degradation 
mechanism, size and location of the rupture, and 
the results of previous and subsequent steam 
generator inspections are discussed in Section 
4.1.1. The plant transient, operator actions, 
radiation release, and remedial actions are 
discussed in Sections 4.1.2 through 4.1.5, 
respectively. 

4.1.1 Cause of the Tube Rupture 

The Point Beach rupture was apparently caused 
by wastage (relatively uniform corrosion and 
thinning of the tube on its outside surface), 
possibly combined with stress corrosion 
cracking. A boroscope viewing of the ruptured 
tube identified two adjacent, axially aligned 
bulges, the total length of which was less than 38 
mm (1.5 in.) and neither of which exceeded 
about 20 mm (0.75 in.) in length and width. The 
shape of the bulges suggest a phosphate corrosion 
or wastage mechanism which caused significant 
and relatively uniform thinning and ultimately 
local ductile rupture. However, eddy-current 
signals typical of ODSCC were also obtained 
from the area. The ruptured tube was not 
removed for a detailed examination. 
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The ruptured tube was located in the outer row of 
the tube bundle on the hot leg side. The ruptures 
were located at an elevation close to, but above 
the tubesheet, in the sludge pile region. The 
ruptured tube had not been inspected prior to the 
rupture. Subsequent eddy-current inspection of 
the remaining tubes in both the A and B steam 
generators identified 127 tubes with apparent 
reductions in wall thickness greater than 60%. 
The steam generators were Westinghouse Model 
44 RSGs with mill-annealed Alloy 600 tubing. 
The steam generators were replaced in 1984 after 
176 tubes were plugged due to wastage and 473 
tubes were plugged due to ODSCC in the 
tubesheet region. 

4.1.2 Plant Transient 

The Point Beach rupture occurred while the plant 
was operating at full power. The air ejector 
high-radiation alarm was the first indication of 
the rupture. This was followed by alarms 
indicating that the operating charging pump was 
at maximum flow and the pressurizer level was 
decreasing, at which point the operators 
recognized that they had a leak, but thought that 
it was in the auxiliary building (USNRC 1980). 
A second charging pump was started at 2 
minutes, the reactor let down system was isolated 
at 8 minutes, and a third charging pump (initially 
out of service) was started at 19 minutes in an 
attempt to control the pressurizer level. A 
portable radiation monitor was used to check the 
B steam generator blowdown sample cooler and 
the readings led the operators to conclude (at 28 
minutes) that a steam generator tube rupture had 
occurred. A 5% per minute load reduction 
began at 30 minutes and the plant was manually 
tripped at 47 minutes from 25% power. The 
safety injection system did not start, but the 
safety injection pumps were intermittently used 
during the subsequent cooldown (after 61 
minutes) to control the reactor coolant system 
inventory. 

The main steam isolation valve for the affected 
Steam Generator B was closed at 48 minutes, 
however the feedwater to Steam Generator B was 
not stopped until 58 minutes. At 51 minutes, a 
reduction in the reactor coolant system pressure 
and temperature was started by dumping steam 
from the intact steam generator to the condenser. 
The B loop reactor coolant pump was manually 
tripped at 1 hour and 6 minutes and then 
restarted at 1 hour and 40 minutes, so that the 
pressurizer spray could be used to help cool the 
plant down. At 1 hour, 48 minutes, the reactor 
coolant system pressure was about 6.9 MPa 
(1000 psi) and the defective steam generator 
pressure was about 6.3 MPa (920 psi). At 3 
hours, 5 minutes, the residual heat removal 
system was placed in operation, however, the 
primary system pressure apparently stayed 
slightly above the defective steam generator 
secondary pressure for about 6 or 7 hours, which 
resulted in overfill of the defective steam 
generator secondary side. 

4.1.3 Operator Actions 

Overall, the slow decrease in pressure and 
pressurizer level allowed an almost normal 
shutdown. "The actions taken and the decisions 
made by the operator during the event were 
reasonable and prudent. The decision to ramp 
down the unit prior to tripping prevented the 
activation of the atmospheric dump valves and/or 
safety valves, thus keeping radioactive releases as 
low as possible" (USNRC 1980). However, 
there were some questionable operator actions. 
The operators were S~QW to recognize that a 
steam generator tube rupture or leak had 
occurred (28 minutes). Therefore, they were 
slow to start the load reduction (30 minutes) and 
slow to isolate the defective steam generator (58 
minutes). Also, the defective steam generator 
received feedwater for about 10 minutes after the 
main steam isolation valve was shut. This error, 
along with the fact that the primary system 
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pressure remained above the pressure on the 
secondary side of the defective steam generator 
for about 6 or 7 hours, led to overfilling the 
secondary side of the defective steam generator. 
On a more positive note, the cooldown and 
depressurization were relatively fast and the 
residual heat removal system was in operation by 
3 hours, 5 minutes. 

4.1.4 Environmental Impact 

The total radioactivity released to the 
environment through the air ejector and the 
blowdown tank vent was about 2,265 Ci of Xe- 
133 equivalent over about a 1 hour and 8-minute 
period. There was probably no significant off- 
site dose and the release was a small fraction of 
what could have occurred had the Steam 
generator B safety valves or atmospheric dump 
valves opened. 

4.1.5 Remedial Actions 

Point Beach Unit 1 began commercial operation 
in December 1970 and operated with phosphate 
secondary water chemistry through the fall of 
1974, when it was converted to an all volatile 
treatment (AVT). A substantial amount of sludge 
accumulated on the tubesheet during the 
operation with phosphate water chemistry and 
was not removed upon initial AVT operation. 
The first sludge lancing was in January 1975. 
The sodium phosphate caused wastage and then 
some of it may have been converted to sodium 
hydroxide after the AVT was implemented and 
caused stress corrosion cracking in the tubesheet 
region. The remedial actions consisted of sludge 
lancing (completed just before the rupture), 
additional tube inspections, and plugging of all 
tubes with eddy-current indications greater than 
30% through the wall. 

4.2 SurryUnit2 

A 1250 Umin (330 gpm) leak developed in Steam 
Generator A at Surry Unit 2 on September 15, 
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1976 (USNRC 1980). The degradation 
mechanism, size and location of the rupture, and 
the results of subsequent tube inspections are 
discussed in Section 4.2.1. The plant transient, 
operator actions, radiation release, and remedial 
actions are discussed in Sections 4.2.2 through 
4.2.5, respectively. The leak rate discussed in 
this section is the leak rate estimated by the 
USNRC from post-accident analysis rather than 
the leak rate reported by the plant operator (300 
Umin or 80 gpm). 

4.2.1 Cause of the Tube Rupture 

The Surry rupture was caused by PWSCC in the 
U-bend region of the tube located in Row 1, 
Column 7 (Stoller 1976a). The high stresses that 
caused the PWSCC resulted from the 
deformation of the carbon steel tube support 
plates. The deformation of the plates was caused 
by corrosion of the plates. As discussed in 
Section 3.2.5, corrosion of drilled hole carbon 
steel support plates in the early Westinghouse, 
French, and Japanese steam generators resulted 
in the growth of a voluminous corrosion product 
in the gaps between the tubes and support plates. 
This caused denting of the tubes and sometimes 
deformation and cracking of the support plates 
(Stoller 1976b). There is a row of rectangular 
flow slots in the tube support plates of the 
Westinghouse Model 5 1 steam generators 
between the hot and cold leg sides of the tube 
bundle. These slots were originally about 406 
mm (16 in.) long by 70 mm (2.75 in.) wide and 
were spaced about 508 mm (20 in.) center to 
center. The denting phenomenon deformed the 
support plates so that the flow slots became hour 
glassed in shape, that is, the center portion of the 
parallel flow slot walls moved together. 
Subsequent measurements indicated that the flow 
slot openings in the top tube support plate in the 
Surry Unit 2 A steam generator had decreased to 
an average opening size of 37 mm (1.46 in.). 
The smallest flow slot opening was 35 mm (1.38 
in.). The flow slot openings in the top tube 
support plates of the Surry Unit 1 steam 
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generators (which had operated longer) decreased 
to a minimum value of about 13 mm (0.5 in.) 
(Stoller 1976b). 

The deformation of the tube support plates in the 
Surry Unit 2 A steam generator caused each leg 
of the tubes along the center portions of the flow 
slots to be displaced inward about 16.5 mm (0.65 
in.). This caused significant ovalization of the 
tubes in the U-bend region and high stresses at 
the inside surface at the apex of the bend. 

Nine U-bend sections were removed from the A 
steam generator including the six necessary to 
gain access to the ruptured tube in Column 7 and 
the next two tubes. The ruptured tube had a 
114.3 mm (4.5 in.) long axial branching 
intergranular crack which initiated on the top 
inside surface (Stoller 1976a). Five of the other 
eight pulled tubes showed significant ovalization 
and four of the eight had cracks on the inner 
surface (Stoller 1976b). The tubes with 
ovalization and cracks were located near the 
middle of the flow slot. Thirty-one Row 1 U- 
bend samples were removed from the Turkey 
Point Unit 4 B steam generator (similar tubes, 
support plates, and operating conditions) in 
October of 1976. Similar PWSCC was found in 
three of the pulled tubes (Stoller 1976~). Neither 
the Surry or Turkey Point cracks were detected 
with the eddy-current techniques available at the 
time. 

4.2.2 Plant Transient 

The Surry rupture occurred while the plant was 
operating at full power with a satisfactory leak 
rate (5.3 Umin or 1.4 gpm total, 2.2 Q/min or 0.6 
gpm unidentified) and flux mapping in progress 
(USNRC 1980). The maximum charging flow 
alarm and a sudden decrease in the reactor 
coolant system pressure were the first indications 
of a break. This was followed within 1 minute 
by the air ejector alarm. The operators 
responded at 5 minutes by securing the reactor 
coolant system letdown and starting a second 
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charging pump. Also, the flux mapping was 
stopped and the control rods were moved to 
return the average reactor coolant temperature 
back to program. 

At 7 minutes, the operators initiated emergency 
boration by lining up the discharge of the boric 
acid transfer pumps with the charging pump 
suction and commenced a load reduction of 10% 
per minute. At 10 minutes, the operators tripped 
the turbine which caused an automatic reactor 
trip. At 11 minutes, the operators started the 
safety injection system [the pressurizer level was 
off scale low and the reactor coolant system 
pressure was about 12 MPa (1800 psig)]. At 16 
minutes, the operators throttled the safety 
injection flow by stopping both the low head 
safety injection pumps and one of the two high 
pressure safety injection pumps, and re-aligning 
the other high pressure pump discharge to the 
normal charging flow path (the two high pressure 
safety injection pumps are also the charging 
pumps at Surry). The reactor coolant system 
pressure peaked at about 14 MPa (2100 psig). 

Between 17 and 18 minutes, the operators 
secured the feedwater flow to all three steam 
generators, determined that the rupture was in the 
A steam generator, and isolated the A steam 
generator. At 19 minutes, the reactor coolant 
pump in the B loop was tripped, it remained off 
for the rest of the transient. The other two 
reactor coolant pumps remained in operation 
which allowed the operators to use the 
pressurizer spray to help depressurize the reactor 
coolant system (from the A and C loops) and 
allowed for forced circulation cooling through 
the C steam generator. At 21 minutes, the 
operators restarted the second high pressure 
charghg/safety injection pump and re-aligned the 
flow from both high pressure pumps back to the 
safety injection flow path. This increased the 
pressurizer level back to about 20% where it was 
maintained during the rest of the cooldown. The 
plant was cooled by dumping steam from the 
intact steam generators to the condenser. At 1 
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hour and 10 minutes, the reactor coolant system 
pressure had been reduced to about 6.8 MPa 
(1000 psig) which stabilized the level in the 
defective steam generator at about 75%. (The 
defective steam generator was not overfilled.) At 
11 hours and 20 minutes, the plant reached cold 
shutdown and the A loop reactor coolant pump 
was tripped and the A loop was isolated. 

4.2.3 Operator Actions 

The Surry steam generator tube rupture caused a 
relatively severe transient because of the 
relatively high leak rate and the fact that the 
operators were involved in control rod 
manipulations at the time of the rupture. The 
control rod movements initially led the operators 
to believe that the initial pressure drop was 
caused by control rod induced changes in the 
average reactor coolant temperature. This led to 
a short delay in recognizing that a steam 
generator tube rupture had occurred (about 5 
minutes). The operators actions after about 5 
minutes were prompt and effective. A load 
reduction was started at 7 minutes, the turbine 
was tripped and the reactor scrammed at 10 
minutes, the safety injection system was started at 
11 minutes and then throttled at 16 minutes, the 
defective steam generator was isolated at 18 
minutes, the pressurizer level was stabilized at 21 
minutes, and the primary coolant system pressure 
was reduced to the defective steam generator 
secondary pressure within about 1 hour. 

As mentioned above, the operators tripped the 
reactor coolant pump in the B loop at 19 minutes 
in conformance with their standard operating 
procedures. There are no pressurizer spray lines 
from the B loop cold leg and running this pump 
puts additional energy into the primary coolant 
system. However, in the case of a steam 
generator tube rupture at a three loop plant the 
primary coolant system will cool down faster 
with forced circulation in both intact loops. 
Also, the reactor coolant pump in the defective 
loop operated through out the transient. The 
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leakage from the reactor coolant system could 
have been further reduced by tripping the reactor 
coolant pump in the defective (A) loop and 
closing the loop isolation valves. However, the 
defective steam generator was not overfilled 
because of the rapid depressurization of the 
primary coolant system and the relatively rapid 
closure of the main feedwater isolation valve 
(which closed automatically when the safety 
injection system was started at 11 minutes). 

Overall, the operator actions effectively mitigated 
the transient and the mistakes made in operating 
the reactor coolant pumps had no significant 
effect on the outcome of the transient (USNRC 
1980). 

4.2.4 Environmental Impact 

Release of radioactivity to the environs was 
minimized by automatic diversion of the air 
ejector discharge to the reactor containment 
(USNRC 1980). The dump and safety valves on 
the defective steam generator did not open during 
the transient and the radiological consequences 
were well below regulatory limits. 

4.2.5 Remedial Actions 

Following the September 15, 1976 tube rupture 
of Surry Unit 2, the innermost row of tubes were 
plugged in the Surry Units 1 and 2, Turkey Point 
Units 3 and 4, Indian Point Unit 2, and San 
Onofre Unit 1 steam generators (USNRC 1980). 
In addition, augmented inservice inspection 
programs were implemented at these plants 
(increased inspection frequency and sample 
sizes). The augmented inspection programs 
included eddy-current and goho-go gauging 
inspections of the tubes and support plate 
examinations. Eventually, the steam generators 
at the Surry, Turkey Point and Indian Point Unit 
3 plants were replaced. The new steam 
generators have stainless steel support plates and 
more corrosion resistant tubing (thermally treated 
Alloy 600). 
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4.3 Doel Unit 2 

A 510 Umin (135 gpm) leak developed in Steam 
Generator B at Doel Unit 2 (Antwerp, Belgium) 
on June 25, 1979 (USNRC 1980). The 
degradation mechanism, size, and location of the 
rupture are discussed in Section 4.3.1. The plant 
transient, operator actions, radiation release, and 
remedial actions are discussed in Sections 4.3.2 
through 4.3.5 , respectively. 

4.3.1 Cause of the Tube Rupture 

The Doel rupture was caused by PWSCC in the 
U-bend region of a Westinghouse Model 44 RSG 
due to excessive residual stresses caused by 
ovalization of the tubing during fabrication. 
Visual and video examination revealed a 
relatively long axial crack located at the top of 
the U-bend of the tube in Row 1, Column 24. 
Row 1 is the innermost row of tubes in the tube 
bundle. Bending of small radius U-bends causes 
their cross section to become oval and, therefore, 
the Row 1 and 2 tubes in the Westinghouse RSGs 
were bent using an internal ball mandrel to limit 
the degree of ovalization. The amount of 
ovalization in the inner row tubes in both steam 
generators was estimated by pushing various size 
ball bearings through the tubes. Twenty-four 
tubes in the B and 50 tubes in the A steam 
generator had minimum inside diameters less 
than 18.21 mm (0.717 in.) as compared with a 
nominal inside diameter of 19.69 mm (0.775 in.). 
This was much more ovalization than expected 
and suggested improper fabrication practices 
(USNRC 1980). 

4.3.2 Plant Transient 

The Doel rupture occurred while the plant was 
being heated to normal operating temperature and 
pressure and the reactor was not critical. The 
first indication of a leak was a rapid decrease of 
the primary system pressure (0.19 MPa/min). A 
second charging pump was manually started at 
1.8 minutes, the chemical and volume control 

system let down line was isolated and the 
pressurizer heaters turned off at 2.4 minutes, and 
the pressurizer relief line was isolated at 4.6 
minutes. At 9.4 minutes, a rapid increase in the 
defective steam generator water level was noted 
and the damaged steam generator was isolated. 
Then the third charging pump was started and the 
suction for all the charging pumps aligned to the 
reactor water storage tank at about 10 to 15 
minutes and the main coolant pump in the loop 
with the defective steam generator was shut off at 
17.4 minutes. Despite these efforts to control the 
primary system pressure and pressurizer level, 
automatic high pressure safety injection (along 
with diesel generator startup and containment 
isolation) began at about 19.2 minutes. 

The high head safety injection pumps caused the 
primary system pressure to rapidly increase. 
Normal pressurizer spray was initiated at 28 
minutes in an attempt to decrease the primary 
system pressure, however, this caused the 
pressurizer to become filled with water. The 
auxiliary feedwater flow to both steam generators 
automatically started at 41 minutes and then the 
flow to the defective steam generator was stopped 
at 50 minutes. This helped cool the plant and 
lower the primary system pressure. Depressur- 
ization of the primary coolant system began at 68 
to 88 minutes when the safety injection pumps 
were shut off and the isolation valves in the 
letdown line opened. The residual heat removal 
system began operation at 3 hours, 15 minutes. 

4.3.3 Operator Actions 

The operators were generally successful in 
keeping a sufficiently high degree of subcooling 
in the primary system by shutting down the loop 
B main coolant pump (a source of heat) and 
controlling the pressure. Also, the secondary 
side of the defective steam generator was isolated 
early in the transient and the setpoints for the 
atmospheric dump valves were increased to their 
maximum value to prevent the escape of 
radioactive fluid. The reactor coolant system 
was cooled and depressurized fairly rapidly. 
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4.3.4 Environmental Impact 

There were no radioactive releases. 

4.3.5 Remedial Actions 

The ruptured tube, the tubes immediately 
surrounding the ruptured tube, and all tubes with 
an inside diameter less than 18.21 mm (0.7169 
in.) were plugged. 

4.4 Prairie Island Unit 1 

A 1,270 Umin (336 gpm) leak developed in 
Steam Generator A at Prairie Island Unit 1 on 
October 2, 1979 (USNRC 1980). The 
degradation mechanism, size and location of the 
rupture, and the results of previous and 
subsequent steam generator inspections are 
discussed in Section 4.4.1. The plant transient, 
operator actions, radiation release, and remedial 
actions are discussed in Sections 4.4.2 through 
4.4.5, respectively. 

4.4.1 Cause of the Tube Rupture 

The Prairie Island tube rupture was caused by 
loose parts wear. A steel coil spring 216 mm 
(8.5 in.) long, 32 mm (1.25 in.) in diameter, and 
made with 2.4 mm (0.095 in.) wire was found on 
the tubesheet next to the ruptured tube. One end 
of the spring was wedged between the tubesheet 
and a flow blocking device. The wear pattern on 
the tubesheet indicated that the spring had moved 
back and forth during operation. The spring was 
apparently part of some sludge lancing equipment 
left in the steam generator during an outage prior 
to installation of the flow blocking device in 
March of 1976. 

The rupture occurred on the hot leg side of the 
tube at Row 4, Column 1, about 76 mm (3 in.) 
above the tubesheet. The rupture was a "fish 
mouth" opening about 38 mm (1.5 in.) long with 
a maximum width of about 13 mm (0.5 in.). The 
rupture edges were worn to a "knife edge," 
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indicating a significant and relatively uniform 
reduction in the tubing wall thickness before 
ductile failure. The adjacent tubes also showed 
signs of wear on the tube bundle outer surfaces at 
about the same elevation. 

4.4.2 Plant Transient 

The Prairie Island rupture occurred while the 
plant was operating at full power. Again, the air 
ejector high-radiation alarm was the first 
indication of the rupture. This was followed by 
alarms indicating that the pressurizer level and 
pressure were rapidly dropping, at which point 
the operators apparently suspected that a steam 
generator was leaking (USNRC 1980). The 
operators initiated a load reduction (10% total) at 
about 7 minutes and started the second and third 
changing pumps at 9 and 10 minutes, however, 
an automatic reactor scram on low pressure 
occurred at 10 minutes, 9 seconds, and the 
atmospheric dump valves on the defective steam 
generator lifted for 1 to 2 seconds. 

Automatic safety injection on low pressure 
resulted at 10 minutes, 14 seconds, and the 
primary system pressure was driven back up to 
about 13.8 MPa (2,000 psi) from 12.5 MPa 
(1,815 psi) over the next 12 minutes. The 
reactor coolant pumps were manually tripped at 
12 and 13 minutes and the primary system cooled 
using natural circulation flow for most of the 
transient. The main steam isolation valve on the 
defective steam generator was closed at 27 
minutes and one safety injection pump was 
stopped at 42 minutes. 

Once the primary system pressure had stabilized 
at about 13.8 MPa (2,000 psi), a pressurizer 
power operated relief valve was used 
intermittently (beginning at 43 minutes) to reduce 
the pressure in the primary system because 
normal pressurizer spray was not available 
because the primary coolant pumps were tripped. 
Eventually, the operators clOsed the power 
operated relief valve, secured the remaining 
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safety injection pump (at 52 minutes), and 
continued cooling the primary system using 
natural circulation flow and steaming from the 
undamaged steam generator. The reactor coolant 
pump in loop B with the intact steam generator 
was restarted at 7 hours and the cooldown 
continued (restart procedures were not 
immediately available). The residual heat 
removal system began operation at 16 hours, 26 
minutes. 

4.4.3 Operator Actions 

The Prairie Island tube rupture resulted in a very 
rapid drop in the primary system pressure and the 
pressurizer water level, and an automatic scram 
and safety injection system actuation. The size of 
the rupture did not allow time for the operators to 
maintain the pressurizer level by isolating the 
reactor coolant system let down flow and 
increasing charging flow. However, they could 
have started the second and third charging pumps 
and started decreasing the reactor power sooner. 
In any event, the rapidly decreasing pressure 
would probably still have caused the automatic 
reactor and turbine trip immediately followed by 
the safety injection, which, of course, results in 
a rapidly increasing primary system pressure and 
more flow out the rupture. As required by NRC 
Bulletin 79-06C, the operator tripped both 
reactor coolant pumps upon actuation of the 
safety injection system and, as a result, lost 
pressurizer spray capability. This then lead to 
the decision to open the pressurizer power 
operated relief valve, which was successful in 
bringing the reactor coolant system pressure 
down to 6.3 MPa (910 psi) at 61 minutes, which 
was the pressure of the defective steam generator 
secondary side at that point in the transient. 
Therefore, the primary-to-secondary leakage was 
terminated relatively early. However, the reactor 
coolant system cooldown took a long time, in 
part, because the reactor coolant pump on the 
intact loop was turned off for a long time and the 
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reactor was cooled only by natural circulation 
flow. The RHR system was not in operation 
until 16 hours, 26 minutes after the tube rupture. 
Also, it took 27 minutes to isolate the damaged 
steam generator. 

4.4.4 Environmental Impact 

About 30 Ci of Xe-133 equivalent of noble gases 
and about 1pCi of 1-131 equivalent of iodine 
isotopes were released. The major sources of 
airborne releases were the brief release of steam 
from the defective steam generator through the 
atmospheric dump valves and the vent on the 
auxiliary feedwater turbine. Some radioactivity 
was also released through the air ejector. The off 
site doses did not exceed 10 CFR Part 100 limits. 

4.4.5 Remedial Actions 

The ruptured tube and four adjacent tubes that 
showed signs of wear were plugged. The outer 
peripheral area of the tube bundle and the open 
flow lane of both steam generators were 
inspected and additional pieces of the sludge 
lancing equipment were found and removed. 
About 12% of the tubes were inspected with 
eddy-current equipment including all the tubes on 
the periphery of the tube bundles. Also, several 
procedural and equipment changes were 
identified. 

4.5 Ginna Unit 1 

A 2,900 P/min (760 gpm) leak developed in 
Steam Generator B at Ginna on January 25, 1982 
(USNRC 1982b, USNRC 11982~). The 
degradation mechanism, size, and location of the 
rupture, and the results of previous and 
subsequent steam generator inspections are 
discussed in Section 4.5.1. The plant transient, 
operator actions, radiation release, and remedial 
actions are discussed in Sections 4.5.2 through 
4.5.5, respectively. 
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4.5.1 Cause of the Tube Rupture 

The Ginna rupture was caused by loose parts 
wear (USNRC 1982~). Foreign objects including 
various size pieces of carbon steel plate and strip 
fell onto the tubesheet outside the periphery of 
the tube bundle during steam generator 
modifications in 1975 and later. The largest 
piece of debris was a carbon steel plate 12.7 mm 
(0.5 in.) thick by 106 mm (4.18 in.) wide by 160 
mm (6.31 in.) long. It was apparently part of a 
downcomer flow resistance plate that had been 
cut out and mostly removed in 1975. This plate 
(along with some of the other debris) impacted on 
some of the exposed peripheral (outermost) tubes 
during subsequent operation and caused defects 
at four general locations around the tube bundle, 
welded lug locations (wedge areas) 2, 4, and 6 ,  
and near the tube at Row 39, Column 70. A hot 
leg tubesheet map is shown in Figure 28, which 
identifies the locations of the plugged tubes 
before the rupture event of January 25, 1982 
(USNRC 1982~). Flow model testing by 
Westinghouse confirmed that a steel plate of that 
size would be mobile in the peripheral region, 
tending to linger at the wedge areas since those 
areas tend to be areas of relatively low flow. 
The initial plugging activity occurred first at the 
Row 39, Column 70 vicinity in February 1976, 
and then shifted to wedge areas 2 and 6 during 
May 1976, and then shifted to wedge area 4 (the 
rupture location) during July 1977 and thereafter 
(USNRC 1982~). 

Although the damaged tubes on the tube bundle 
periphery were plugged as a result of eddy- 
current inspection indications and/or small leaks, 
the debris, in conjunction with the hydraulic and 
pressure loadings, continued to damage the 
plugged tubes and eventually caused the tubes to 
collapse and in some cases to become completely 
severed near the top of the tubesheet. The 
severed tubes were free to swing over about a 
1,270 mm (50 in.) span, pivoting at the first 
support plate, and cause fretting type wear of the 
adjacent (inboard) tubes. These tubes, in turn, 

were plugged as a result of eddy-current 
indications or leaks, however, damage continued 
until they also became severed. Eventually, an 
unplugged tube in Row 42, Column 55 in wedge 
area 4 (third row in from the outside) was 
subjected to fretting wear over about 150 mm (6 
in.) of length and burst. 

Inspection of the wedge area 4 region found that 
a number of tubes had been severed about 50 mm 
(2 in.) above the top of the tubesheet and two 
tubes (R45-C54 and R44-C56) were missing, that 
is, they had severed at two locations, just above 
the tubesheet and just below the first tube support 
plate. The two tubes immediately outboard of 
the ruptured tube were severed just above the 
tubesheet. The ruptured tube had two long axial 
wear scars, one of which reduced the original 
1.27 mm (0.05 in.) wall thickness to 
approximately 0.20 mm (0.008 in.) for 
approximately 100 mm (4 in.) in length (an 84% 
reduction in wall thickness). The total length of 
the wear scar was about 150 mm (6 in.). The 
burst was ductile in nature and a relatively long 
"fish mouth" type opening as shown in Figure 
29. Five other tubes (immediately outboard from 
the ruptured tube) showed wear areas similar to 
those on the burst tube. The severed tube 
fracture surfaces showed evidence of wear and 
then fatigue and tearing. Also, evidence of 
extensive cold work was found on the collapsed 
surfaces. In summary, the peripheral tube 
damage mechanisms were primarily mechanical 
and included impact, collapse, fatigue, fretting 
type wear, abrasion, and ductile overload and 
tearing. 

The wear on the ruptured tube at Row 42, 
Column 55 produced a detectable eddy-current 
indication in April 1981, which was not 
interpreted at the time as a pluggable indication. 
In fact, prior to the rupture, the eddy-current 
indications from the outermost tubes were gen- 
erally interpreted as inside diameter indications 
or bulges even though a tube pulled from the 
outer periphery in 1978 revealed no evidence of 
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Figure 29. Photograph of segment of ruptured tube (R42-C55) removed from the Ginna steam generator 
(tubesheet to the right) (USNRC 1982~). 
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inside diameter cracking but had shallow peen- 
like marks and dings, shallow wall thinning on 
the outside, and local distortions including a 
bulge. The root cause analyses of the loose parts 
damage from 1976 to the time of the tube rupture 
were inadequate. 

4.5.2 Plant Transient 

The Ginna rupture occurred while the plant was 
operating at full power. A schematic diagram of 
the Ginna plant is shown in Figure 30 (USNRC 
1982~). The air ejector radiation monitor, the 
pressurizer level and pressure alarms, and the B 
steam generator level and steam/feed flow 
mismatch alarms indicated to the operators the 
existence of a large leak in the B steam generator 
(at 9:25 am). The operators began a power 
reduction at 1.5 minutes along with an increase 
in the number and speed of the operating 
charging pumps (the third charging pump was 
started at 2.5 minutes). Also at 2 minutes, the 
eight main steam dump valves opened 
automatically in response to a valid error signal 
from the reactor coolant system temperature and 
four valves closed automatically at 3 minutes. At 
3 minutes there was an automatic reactor scram 
(at 12.91 MPa or 1,873 psig) and actuation of all 
three safety injection pumps (at 11.88 MPa or 
1,723 psig) on low primary system pressure. 
This was followed by automatic containment 
isolation, main turbine trip (on reactor trip), 
automatic start of the auxiliary feed pumps, main 
feedwater isolation and trip of the charging 
pumps. At 4 minutes, both reactor coolant 
pumps were manually tripped as required, the 
pressurizer was almost empty, and the steam 
supply valves to the turbine-driven auxiliary 
feedwater pump opened automatically because of 
low water levels in the steam generators. At 5 
minutes, the remaining four main steam dump 
valves closed automatically and the initial reactor 
coolant system depressurization stopped at about 
8.27 MPa (1,200 psig), apparently due to the 
establishment of saturation conditions in the 
reactor vessel upper head along with the effects 

of the safety injection. A steam bubble probably 
formed in the upper head at this time. Plots of 
the reactor coolant system pressure, the 
pressurizer level, and the steam generator 
secondary side pressures are presented in Figure 
31 along with the times when (a) the safety 
injection (SI), charging, and reactor coolant 
pumps (RCPs) were on; (b) the steam generators 
were dumping steam to atmosphere; and (c) the 
pressurizer power operated relief valve (PORV) 
was open. 

At 7 minutes, the B steam generator motor driven 
auxiliary feedwater pump and steam supply to the 
turbine-driven pump were secured. At 15 
minutes, the B steam generator main steam 
isolation valve was closed and the defective 
steam generator isolated. Plant cooldown was 
continuing by natural circulation in the A loop 
and by dumping steam from the A steam 
generator to the main condenser. However, the 
water level on the B steam generator continued to 
rise due to the flow through the ruptured tube. 
At 30 minutes, the level indicator on the B steam 
generator went off-scale high and the steam line 
started to fill with water. At 32 minutes, the 
safety injection actuation circuitry was reset to 
allow resetting the containment isolation system 
and get instrument air to the air-operated valves 
inside containment. At 42 minutes, the operators 
attempted to equalize the pressure differential 
between the reactor coolant system and the 
secondary side of the B steam generator by 
opening a pressurizer PORV to stop the break 
flow. On the fourth cycle (at 44 minutes) the 
PORV stuck open. The operator then closed the 
block valve to prevent further loss of reactor 
coolant through the open PORV and the reactor 
coolant system pressure increased again. During 
cycling of the PORV, steam bubbles formed in 
the reactor vessel upper head and the top of the 
tubes in the B steam generator and the 
pressurizer level rose rapidly. However, natural 
circulation in the A loop and core cooling 
continued despite the steam bubbles. 
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A B steam generator code safety valve lifted (at 
1,085 pig)  and then closed at 54 minutes and 
again at 63 minutes because the safety injection 
pumps were maintaining the primary system 
pressure above the B steam generator secondary 
pressure, and reactor coolant continued to flow 
out the tube rupture. At 1 hour and 13 minutes, 
safety injection was terminated to prevent further 
steam generator safety valve lifts. At 1 hour and 
15 minutes the condensate system was secured to 
prevent further radioactive contamination of the 
condensate system. This made the main 
condenser unavailable for further dumping of 
steam. To continue the plant cooldown, the 
operators relieved steam from the A steam 
generator to atmosphere using its PORV. 

At 1 hour and 17 minutes, the pressurizer heaters 
were re-energized to help reestablish a steam 
bubble in the pressurizer (they had tripped at 3 
minutes due to low level). At 1 hour, 27 
minutes, the rupture disc on the pressurizer relief 
tank bursts (the letdown line was the major 
contributor). At 1 hour, 42 minutes, one safety 
injection pump was started to provide a buffer for 
starting the loop A reactor coolant pump. As a 
consequence, the B steam generator safety valve 
lifted and closed at 1 hour, 54 minutes, releasing 
water rather than steam. At 1 hour, 56 minutes, 
the loop A reactor coolant pump was started, 
which accelerated the cooldown and collapsed 
any remaining steam bubbles in the upper head 
and B steam generator. At 2 hours, 12 minutes, 
a fifth lift of the B steam generator safety valve 
occurred and the safety injection pump was 
stopped. Although the safety valve on the B 
steam generator closed, it continued to leak water 
at about 380 Umin (100 gpm). 

At 2 hours, 27 minutes, a steam bubble was 
reestablished in the pressurizer and the level 
returned on scale and at 2 hours, 47 minutes, the 
operators switched from continuous to 
intermittent use of the safety injection pump to 
control the pressurizer level. The reactor coolant 
system and B steam generator secondary side 
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pressure were equalized at 3 hours,2 minutes. 
Thereafter , the operators maintained the reactor 
coolant pressure about 25 psi below the B steam 
generator secondary pressure to promote 
backflow. At 9 hours, 15 minutes, the B steam 
generator water level returned on scale. At 21 
hours, 35 minutes, the residual heat removal 
system was placed in operation. 

4.5.3 Operator Actions 

The operators quickly determined that the plant 
had experienced a major steam generator tube 
rupture. The operators confirmed that the fault 
was in the B steam generator by performing a 
radiation survey of the main steam line and 
isolated the B steam generator at 15 minutes. 
The operators efforts to cool the primary system 
down were not quite as efficient. They tripped 
the reactor coolant pumps at 4 minutes as 
required but did nor get the A loop reactor 
coolant pump back until almost 2 hours had 
passed. Therefore, most of the heat transfer 
during the first 2 hours was by natural circulation 
in the A loop, a slow process. (Their tube 
rupture procedure required normal pressurizer 
pressure control before restarting the reactor 
coolant pumps.) Also, it took the operators over 
3 hours to get the primary system pressure below 
the pressure in the defected steam generator 
secondary side. This was, in part, because the 
safety injection pumps were operating too much 
of the time and the operators had lost control of 
the pressurizer. However, the operators 
recognized that there was a steam bubble in the 
upper head and monitored its existence and 
further verified core subcooling. Also, "during 
plant conditions of a pressurizer PORV stuck 
open, both pressurizer relief block valves shut, a 
steam bubble in the reactor vessel upper head 
region, a liquid-filled pressurizer and a faulted 
steam generator code safety valve periodically 
relieving reactor coolant to the environment, the 
operators recognized the need to cooldown the 
reactor vessel head, collapse the steam bubble 
and then depressurize the reactor coolant system 
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to limit the radioactive material releases to the 
environment" (USNRC 1982b). 

4.5.4 Environmental Impact 

It was estimated that a total of about 90 curies of 
noble gases were released, mostly from the steam 
jet-air ejector. About 0.4 curies of dose-equi- 
valent 1-131 (a total of about 5 curies of all 
isotopes of iodine), and about 1.3 curies of 
cobalt, molybdenum, barium, and cesium were 
estimated to have been released, mostly from 
openings of the faulted steam generator code 
safety valve. About 25 curies of tritium may 
have been released, some from the air ejector and 
trace amounts from the safety valve openings 
(USNRC 1982b). 

Since the reactor coolant iodine inventory prior 
to the event was only about 2% of the Technical 
Specification limit, the iodine releases were well 
below those calculated for the design-basis steam 
generator tube rupture. Airborne radionuclide 
concentrations offsite resulted in doses far less 
than lOCFR Part 100 guidelines. 

4.5.5 Remedial Actions 

Corrective measures at Ginna included removing 
the debris and 24 "structurally degraded" tubes, 
upgrading the quality control practices used for 
maintenance work, and installation of a loose 
parts monitoring system. 

In response to the Ginna and Prairie Island Unit 
1 tube ruptures, the USNRC issued Information 
Notice No. 83-24, "Loose Parts in the Secondary 
Side of Steam Generators at Pressurized Water 
Reactors. " This notice warned the utilities that 
loose parts had been implicated in two of the four 
rupture events to date and encouraged them to 
keep foreign material out of their steam 
generators. Generic Letter 85-02, "Staff Recom- 
mended Actions Stemming from NRC Integrated 
Program for Resolution of Unresolved Safety 
Issues Regarding Steam Generator Tube Integ- 
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rity," requested that the USNRCs PWR licensees 
perform visual inspections on their steam 
generator secondary sides in the tubesheet area 
(around the outside of the tube bundle and in the 
tube lane) to identify and remove any foreign 
material and identify any tube damage. 
Information Notice No. 88-06, "Foreign Objects 
in Steam Generators, " again warned the utilities 
about this problem. 

4.6 Fort Calhoun 

A 425 Umin (1 12 gpm) leak developed in Steam 
Generator B at Fort Calhoun on May 16, 1984 
(Jones 1984, Stoller 1984, Kusek 1984). The 
degradation mechanism, size and location of the 
rupture, and the results of previous and 
subsequent steam generator inspections are 
discussed in Section 4.6.1. The plant transient, 
operator actions, radiation release, and remedial 
actions are discussed in Sections 4.6.2 through 
4.6.5. 

4.6.1 Cause of the Tube Rupture 

The Fort Calhoun rupture was caused by ODSCC 
in the U-bend region of a Combustion 
Engineering RSG. The rupture was located 
between the scallop bars in the vertical tube 
support (batwing) on the hot leg side of the steam 
generator, in a tube in Row 84, Column 29, 
which is the second peripheral row from the 
outside. A sketch of the Combustion Engineer- 
ing RSG AVB arrangement is shown in Figure 
13. The main rupture was centered on the right- 
hand vertical tube support bar (the scallop bars 
are not shown in Figure 13, but are 
perpendicular to the tube support bars). Two 
cracks were located in tube R84-C29. The first 
was a 32 mm (1.25 in.) long axial crack leading 
to a small fishmouth type rupture and the second 
crack was a series of small fissures about 6 mm 
(0.25 in.) in length which were oriented about 
45" to the axis of the tube. The second crack 
was about 6 mm from the hot leg end of the 
small fishmouth rupture. The fishmouth rupture 
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faced downward (6 o'clock position) and the tube 
was ovalized in the region of the support bars 
with the major axis (6-12 o'clock) elongated by 
1.2 to 3.1 mm (0.05 to 0.12 in.) whereas the 
minor axis (3-9 o'clock) was compressed by 1.1 
to 1.8 mm (0.043 to 0.71 in.). 

A metallographic examination of the ruptured 
tube revealed the presence of IGSCC across 
approximately 95% of the wall thickness. The 
remaining 5% of the wall thickness near the 
inside surface failed by ductile tearing. "The 
fishmouth fracture was most probably formed 
from a series of essentially throughwall axially 
oriented intergranular penetrations, followed by 
ductile tearing of the material between the 
penetrations and the remaining tube wall 
thickness" (Jones 1984). There was no evidence 
of IGA or wall thinning due to corrosion or 
plastic deformation. The R84-C29 material had 
a typical mill-annealed Alloy 600 microstructure 
and was not sensitized. Measurements of the pH 
of the residual deposits near the rupture 
suggested a caustic environment at some 
locations. 

The Fort Calhoun ODSCC rupture was probably 
caused by excessive stress due to corrosion 
product build-up between the tube and the carbon 
steel vertical supports and the presence of a 
caustic environment. The corrosion of the 
vertical tube support bars apparently caused the 
tube deformation (ovalization) discussed above. 
"A caustic environment may have occurred in 
steam blanketed areas at Fort Calhoun as a result 
of periodic low level condenser in leakage. 
When concentrated, the cooling water (Missouri 
River) tends to become alkaline, thereby 
producing a caustic condition. Caustic SCC has 
been produced in the laboratory in Alloy 600 at 
strain levels as low as 0.5% (Jones 1984). 

Tube R84-C29 (the ruptured tube) had been 
included in the March 1984 steam generator 
inspection program. Re-evaluation of the data 
tape from that inspection indicated a 99% 
throughwall defect at the rupture location and a 
50% throughwall defect 6 mm along the tube. 
These indications were missed during the initial 
analysis of the data due to human error (Jones 
1984). Subsequent multi-frequency eddy-current 
testing of all the accessible tubes in both steam 
generators at Fort Calhoun identified three 
additional tubes with eddy-current indications 
greater than 40% throughwall. Tube R18-C37 
showed evidence of wastage several inches above 
the tubesheet, Tube R85-C64 had an ODSCC 
indication just below the 7th hot leg tube support 
grid, and Tube R86-L85 had an indication at a 
vertical tube support bar (batwing). 

4.6.2 Plant Transient 

The Fort Calhoun tube rupture occurred during 
plant startup after a refueling outage, while the 
reactor coolant system was being pressurized for 
a leak test. The reactor coolant system was at a 
pressure of about 6 MPa (880 psia) and a 
pressurizer fill was in progress using one 
charging pump with suction from the safety 
injection refueling water tank and minimum 
letdown, when the operators noted that the 
pressurizer level was no longer increasing and 
the pressurizer pressure was slowly decreasing. 
They started the other two charging pumps at 
4:18 pm (start of transient) and the pressurizer 
pressure and level started to slowly increase. At 
18 minutes, the operators switched the charging 
pump suction to the volume control tank and the 
charging flow increased from 190 to 450 Urnin. 
(50 to 120 gpm) (inadequate net pump suction 
head with the safety injection refueling water 
tank level) and the pressurizer pressure increased 
rapidly until it reached a peak value of about 
12.8 MPa (1,850 psia) at 27 minutes. 
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At 24 minutes, the operators isolated the letdown 
line and noted that the water level in the B steam 
generator had increased above the setpoint. The 
operators closed the block valve on the auxiliary 
feedwater line thinking that the level increase was 
due to leakage through the auxiliary feedline 
valve HCV-1106. At 27 minutes, the water level 
in the volume control tank approached 0% 
despite blended makeup and the operators 
secured two of the charging pumps. A few 
minutes later the pressurizer pressure began 
dropping rapidly. At 32 minutes, the operators 
noted a continuing increase in the B steam 
generator water level and the auxiliary feedwater 
pump which usually feeds the B steam generator 
was secured. At 36 minutes, the pressurizer 
pressure was down to 3.86 MPa (560 psia) and 
the reactor coolant system was water solid. At 
40 minutes, the main steam line isolation valve 
from the B steam generator was closed, thereby 
isolating the defective steam generator. At 41 
minutes, cooldown of the reactor coolant system 
was initiated using the A steam generator and its 
atmospheric dump valve. The reactor coolant 
pumps were tripped at 42 and 43 minutes and the 
system cooled thereafter with natural circulation 
in the A loop. Shutdown cooling was initiated at 
3 hours, 47 minutes. 

4.6.3 Operator Actions 

The operators responded to the decreasing 
pressurizer level by adding more charging pumps 
and closing the letdown line, which drove the 
pressure and leak rate up. It appears that it took 
the operators more than 32 minutes to recognize 
that a tube rupture had occurred in the B steam 
generator, and about 40 minutes to isolate the B 
steam generator and begin a cooldown of the 
reactor coolant system. The operator actions 
after about 40 minutes were effective, however, 
the reactor coolant system remained above the 
defective steam generator secondary pressure 
during most of the transient and the defective 
steam generator overfilled. 
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4.6.4 Environmental Impact 

The Fort Calhoun tube rupture resulted in a 
primary system depressurization with no release 
of radioactivity into the environment. 

4.6.5 Remedial Actions 

Several measures were taken to provide 
additional assurance that steam generator leaks 
will be detected early. These included improve- 
ments in the laboratory capabilities (faster and 
more accurate analysis of the coolant samples) 
and more frequent sampling. Also, the steam 
generator tube rupture emergency procedures 
were reviewed and minor improvements made 
and the operators subjected to refresher training. 
Also, efforts were made to improve condenser 
integrity and the secondary side chemistry 
specifications were revised (lowered) to bring 
them in line with Combustion Engineering 
recommendations. And finally, all tubes with 
ODSCC indications in the hot leg vertical support 
regions were plugged, regardless of the size of 
the indication. 

4.7 North Anna Unit 1 

A 2410 Umin (637 gpm) leak developed in Steam 
Generator C at North Anna Unit 1 on July 15, 
1987 (Bowling 1988). The degradation 
mechanism, size and location of the failure, and 
the results of previous and subsequent steam 
generator inspections are discussed in Section 
4.7.1. The plant transient, operator actions, 
radiation release, and remedial actions are 
discussed in Sections 4.7.2 through 4.7.5, 
respectively. 

4.7.1 Cause of the Tube Rupture 

The North Anna Unit 1 failure was caused by 
high-cycle fatigue, with the following 
contributing factors (USNRC 1988b): 

The failed tube did not have AVB support. 
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Mild denting had occurred at the top of the 
tube support plate. This resulted in reduced 
damping of the tube vibrations, compared to 
a condition with open support in which 
sliding results in energy dissipation. 

final failure. This provides a rough estimate of 
the throughwall crack propagation time around 
the circumference. The condenser air ejector 
monitor was declared inoperable before the 
failure. 

Unequal insertion of the AVBs in the 
neighborhood of the failed tube led to locally 
high flow velocities around the failed tube. 
The original design called for the AVBs to be 
instalIed to at least Row 11, however, some 
were installed as deep as Row 8 (eight tubes 
from the center of the U-bends). The failed 
tube was in Row 9. 

The high flow velocities, combined with the 
lack of AVB support and the reduced 
damping at the tube support plate resulted in 
significant out-of-plane deflections of the U- 
bend portion of the tube above the upper- 
most tube support plate. 

The denting introduced a high mean stress in 
the tube wall. A high mean stress 
significantly reduces the fatigue strength. In 
fact, with a high mean stress the fatigue 
strength can be as low as 27.6 MPa (4 ksi) 
for Alloy 600 in an AVT environment 
(Connors et al. 1988). 

The combination of high vibration amplitude 
and low fatigue strength led to fatigue 
failure. 

The failure consisted of a 360" throughwall 
fatigue crack located at the top of the upper-most 
tube support plate, on the cold leg side of the 
tube in Row 9, Column 5 1. There were no signs 
of stress corrosion cracking at or near the 
fracture face and no degradation other than 
denting at the tube support plate elevation. For 
several days prior to the event, the condenser air 
ejector radiation monitor alarmed in an erratic 
manner and grab samples were taken. Analysis 
of the grab samples performed after the rupture 
indicated increasing primary-to-secondary 
leakage over a 24 to 36 hour period before the 

The rupture occurred on the cold leg side of the 
C steam generator where the plant Technical 
Specifications did not require much inspection. 
Therefore, the utility had inspected all the tubes 
on the hot leg side during the last refueling 
outage, but only about 13% of the tubes on the 
cold leg side, and not this particular tube. 
Subsequent inspection of all the steam generator 
tubes at North Anna Unit 1 identified a number 
of tubes with suspect indications (Stoller 1988). 
The utility eventually plugged 178 tubes due to 
the 7th support plate fatigue failure issue (EPRI 
1994). 

4.7.2 Plant Transient 

The North Anna rupture occurred shortly after 
the unit reached full power. The high radiation 
alarm on the C steam generator main steam line 
was the first indication of the break (at 6:30 am). 
At the same time, the pressurizer level and 
pressure began to rapidly decrease. At 3 
minutes, the letdown line was isolated, the 
charging pump suction was realigned to the 
reactor water storage tank, and a turbine ramp 
down was initiated. At 5 minutes, the operators 
began using the steam generator tube leakage 
procedure and the reactor was manually tripped 
with the pressurizer level at about 45% and the 
pressurizer pressure at 14.5 MPa (2,100 psig). 
Twenty seconds later, safety injection began and 
the auxiliary feedwater pumps started. At 10 
minutes, the operators moved to the steam 
generator tube rupture procedure. At 16 min- 
utes, the shift supervisor had confirmed that the 
C steam generator was defective and the 
auxiliary feedwater and main steam line isolation 
valves on the C steam generator were closed. At 
18 minutes, the C steam generator supply to the 
turbine driven auxiliary feedwater pump was 
isolated, thereby isolating the C steam generator. 
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At 19 minutes, a rapid cooldown was initiated by 
dumping steam from the A and B steam 
generators. This took the pressurizer level off 
scale low at 20 minutes. At 27 minutes, the 
pressurizer spray control was at 100 % demand 
and at 28 minutes, the pressurizer level was on 
scale and increasing. At 34 minutes, one power 
operated relief valve on the pressurizer was 
opened to enhance the depressurization and the C 
steam generator level was stable (the primary 
system pressure and the pressure on the 
secondary side of the C steam generator were 
roughly the same). 

At 43 minutes, the C and B loop reactor coolant 
pumps were secured. At 48 minutes, the 
operators began an orderly cooldown and 
depressurization of the reactor coolant system to 
cold shutdown conditions using pumped flow in 
the A loop and natural circulation heat transfer in 
the B loop. Thereafter, the pressurizer level was 
kept between about 30 and 50 % and the defective 
steam generator level was kept between about 10 
and 75 % . At 1 hour, 26 minutes, the air ejector 
discharge line was diverted to containment. The 
residual heat removal system was placed 
inservice at 5 hours, 49 minutes. The reactor 
coolant system pressure, the pressurizer level, 
and the reactor coolant system temperature 
during the first 58 minutes of the transient are 
plotted in Figures 32, 33, and 34. 

4.7.3 Operator Actions 

The defective steam generator was isolated within 
18 minutes and its water level was stabilized at 
34 minutes, when the reactor coolant system 
pressure had been reduced to a value near the 
pressure on its secondary side. Also, the 
operators retained control of the pressurizer 
throughout the transient. The operators did 
neglect to divert the condenser air ejector 
discharge to containment until 1 hour, 26 minutes 
because the air ejector radiation monitor was out 
of service. However, the overall management of 
the transient was quite good. 
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4.7.4 Environmental Impact 

A total of about 0.16 curies of radioactive 
material was released, which consisted primarily 
of gases. There was no detectable increase in the 
normal background levels at the site boundary. 
The radioactive material release paths to the 
environment included the condenser air ejector, 
which discharged to atmosphere until it was 
manually diverted to the containment, and the 
steam driven auxiliary feedwater pump until its 
steam supply from the defective steam generator 
was isolated. 

4.7.5 Remedial Actions 

The remedial actions included reducing the local 
fluid forces in the U-bend region by installing 
downcomer flow resistance plates, preventive 
plugging of susceptible tubes, failed tube 
stabilization, and improved leakage monitoring. 
The utility identified the importance of diverse 
and redundant leak detection methods for 
detecting rapidly propagating cracks as a key 
lesson learned. 

In response to the North Anna failure, the 
USNRC issued Bulletin 88-02, "Rapidly 
Propagating Fatigue Cracks in Steam Generator 
Tubes, I' to licensees with Westinghouse steam 
generators with carbon steel support plates 
(USNRC 1988b). The USNRC asked the utilities 
to review their most recent steam generator 
inspection data for evidence of denting at the 
uppermost tube support plate. If the records 
were not adequate, additional inspections were to 
be performed. For plants with no denting, the 
results of future steam generator inspections were 
to be reviewed. For plants with denting, an 
enhanced primary-to-secondary leak rate 
monitoring program was to be implemented 
which would assure that the plant power level 
would be reduced to 50% power or less at least 
5 hours before a tube rupture was predicted to 
occur. The effectiveness of the program was to 
be evaluated against the assumed time-dependant 
leakage curve of Figure 35. Also, a program 
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Figure 32. North Anna Unit 1 reactor coolant system pressure versus time during the first 58 minutes of 
the transient (Bowling 1987). The transient started at 6:30am. 
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Figure 33. North Anna Unit 1 pressurizer level versus time during the first 58 minutes of the transient 
(Bowling 1987). The transient started at 6:30am. 
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was to be implemented to minimize the 
probability of a rapidly propagating fatigue 
failure by, for example, preventive plugging, 
stabilization of susceptible tubes, or AVB 
changes. This program was to include an 
assessment of stability ratios for the most limiting 
tube locations (including an evaluation of the 
depth of penetration of each AVB and the 
effectiveness of the tube support and the 
magnitude of the flow peaking factors). 

4.8 McGuire Unit 1 

A 1,900 Umin (500 gpm) leak developed in 
Steam Generator B at McGuire Unit 1 on March 
7, 1989 (Stoller 1989a, USNRC 1989, Sipe 
1989). The degradation mechanism, size and 
location of the rupture, and the results of 
previous and subsequent steam generator 
inspections are discussed in Section 4.8.1. The 
plant transient, operator actions, radiation 
release, and remedial actions are discussed in 
Sections 4.8.2 through 4.8.5, respectively. 

4.8.1 Cause of the Tube Rupture 

The ruptured tube was removed from the 
McGuire steam generator and examined. The 
rupture was caused by IGSCC on the outside 
diameter of the tube involving multiple initiation 
sites, and was contained within a long shallow 
groove, which was approximately 0.025 mm 
(0.001 in.) deep and 1 mm (0.04 in.) wide on the 
tube outside diameter, and which ran axially 
from about 50 mm (2  in.) below the rupture to 
about 500 mm (20 in.) above the rupture. Axial 
and circumferential cracks were observed along 
the length of the groove above the rupture. The 
maximum depth of these cracks was about 30% 
of the original wall thickness. 

The rupture was a longitudinal split about 95 mm 
(3.75 in.) long and 9.5 mm (0.375 in.) wide at 
the maximum rupture opening, i.e., a small 
fishmouth opening. The rupture was located 
about 710 mm (28 in.) above the tubesheet on the 
cold leg side of the tube in Row 18, Column 25. 
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The split started below the lowest tube support 
plate and ran to about 13 mm (0.5 in.) above the 
support plate. 

The Alloy 600 tubing had a grain size and 
intergranular carbide content indicative of a low 
temperature mill-annealed microstructure, as 
expected. The presence of disturbed metal near 
the groove indicated that the groove was 
probably made after tube annealing. X-ray 
residual stress measurements indicated local 
values slightly below yield. Energy dispersive 
spectroscopy scans of the fracture surfaces failed 
to identify any corrosive species. Prior to the 
rupture, there were no significant secondary side 
corrosion problems in the McGuire steam 
generators and no secondary side chemistry 
excursions which would lead to such problems. 
The primary-to-secondary leak rate for the three 
months leading up to the event had been small 
varying between 20 and 115 t/d (5 and 30 gpd). 
Subsequent eddy-current inspection of the other 
tubes in all four McGuire Unit 1 steam 
generators and metallurgical examination of a 
second pulled tube revealed no indications of 
detectable ODSCC. The utility concluded from 
all this that this was a unique event and that a 
contaminant on the surface of the tube in the 
shallow groove led to crack initiation near start 
of life. Continued operation then washed this 
contaminant away and subsequent crack growth 
occurred slowly over time. The USNRC staff 
agreed that the McGuire rupture "was unique in 
the sense that it was not preceded by significant 
primary-to-secondary leakage which would 
normally be expected for stress corrosion 
cracking. " However, "the uniqueness of tube 
R18-C25 in terms of its susceptibility to SCC has 
not been demonstrated," and the utility was 
encouraged to perform 100% rotating pancake 
coil inspections at the next outage (USNRC 
1989), 

4.8.2 Plant Transient 

The McGuire rupture occurred while the plant 
was operating at full power. The radiation 
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monitor on the B steam generator steam line was 
the first indication of the rupture (at 11:38 pm). 
The operators observed that the B steam 
generator feedwater flow was decreasing while 
the level remained relatively constant and the 
pressurizer level was decreasing. They 
immediately recognized the incident as a steam 
generator tube leak and implemented their tube 
leakage procedure (rather than their tube rupture 
procedure). The next indication was when the 
condensate air ejector radiation monitor alarmed. 
The operators then initiated a 30 Mwe/min load 
reduction (at 4 minutes), started a second 
charging pump and reduced the letdown flow 
from 75 gpm to 45 gpm (at 5 minutes), and 
initiated emergency boration to compensate for 
the load reduction. This resulted in some 
fluctuations in reactor coolant temperature and 
pressurizer pressure and level. 

At 8 to 9 minutes, the operators initiated a 
manual reactor trip which in turn caused an 
automatic turbine trip. The pressurizer level was 
now at 36-38%, so the valves to the boron 
injection tank were opened and the charging 
pump suction was realigned to the refueling 
water system storage tank. In addition, the 
operators began to isolate the B steam generator 
and initiated reactor coolant system cooldown 
and depressurization. The main steam bypass 
valves (steam dumps) to the condenser were 
opened for short periods of time at 14 and again 
at 25 minutes to facilitate the cooldown. At 23 
minutes, the operators blocked the actuation 
circuit for the safety injection to prevent 
unnecessary automatic actuation (in accordance 
with their shutdown procedure). At 47 minutes, 
the reactor coolant system pressure and the B 
steam generator secondary side pressure were 
essentially equal and the break flow temporarily 
stopped. The pressurizer level during the first 39 
minutes of the McGuire Unit 1 steam generator 
tube rupture event is shown in Figure 36. The 
reactor coolant system and the B steam generator 
secondary side pressure during the entire event 
are shown in Figure 37. 

101 

The reactor coolant system remained at a 
pressure of about 6.9 MPa (1,000 psi) from 47 
minutes to about 5 hours, 20 minutes while the 
operators established the required boron 
concentration for cooling down. However, the B 
steam generator secondary side pressure 
continued to decrease during that period of time 
and the flow through the tube rupture into the 
secondary side of the B steam generator resumed 
and then continued for about 10 more hours. At 
about 3 hours and 30 minutes, further cooldown 
began with additional steam dumps to the 
condenser, including blowdowns of the defective 
B steam generator at 3 hours, 34 minutes, and at 
4 hours, 32 minutes to control the water level in 
the B steam generator. The steam dumps from 
the B steam generator released small amounts of 
radioactive material through the condenser vent. 
At about 5 hours, the reactor coolant system 
temperature reached 425 "F and an additional 
depressurization of the reactor coolant system 
was initiated. However, the reactor coolant 
system pressure remained above the B steam 
generator secondary side pressure. At 10 hours, 
37 minutes, cooldown of the B steam generator 
was started using the backfill method. By 17 
hours, both trains of the residual heat removal 
system were inservice. 

4.8.3 Operator Actions 

The initial reactor coolant system 
depressurization was relatively fast and effective 
(47 minutes). Also, the defective steam 
generator was quickly isolated (about 11 
minutes). However, flow through the ruptured 
tube in the B steam generator resumed shortly 
after 47 minutes and continued for about 10 more 
hours due to the decision to hold the reactor 
coolant system at a pressure of about 6.9 MPa 
(1,000 psi) for about 4.5 hours while the boron 
concentration was adjusted and the subsequent 
slow cooldown. Therefore, steam from the 
defective steam generator had to be dumped to 
the condensers to control the B steam generator 
level and radioactive material was subsequently 
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Figure 36. Pressurizer level during .the first 39 minutes of the McGuire unit 1 steam generator tube 
rupture event of March 7 and 8, 1989 (Sipe 1989). The rupture occurred at ll:38pm. 
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Figure 37. Reactor coolant system and B steam generator secondary side pressure during the McGuire 
Unit 1 steam generator tube rupture event of March 7 and 8, 1989 (Sipe 1989). The rupture occurred at 
11 :38 pm. 
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vented to the environment. Also, the initial 
leakage estimate was about 100 to 150 gpm (at 8 
minutes) which, in part, resulted in the decision 
to use the steam generator tube leakage 
procedure rather than the tube rupture procedure. 
(The tube leakage was calculated to be about 540 
gpm at about 6 hours which was considerably 
closer to the final estimate of about 500 gpm.) 

4.8.4 Environmental Impact 

A total of 43.4 curies of Xenon-133 equivalent 
and 0.001 curies of iodine-131 equivalent was 
released as a result of the steam generator tube 
rupture and the subsequent degassing of the 
secondary system at McGuire. This release of 
radioactivity was well within the limits of the 
McGuire Technical Specifications. 

4.8.5 Remedial Actions 

Based on the Westinghouse Emergency Response 
Guidelines, this event should have been managed 
in accordance with the procedures developed for 
a steam generator tube rupture. In response to 
USNRC concerns, the utility changed its pro- 
cedures to eliminate manual realignment of the 
safety injection flow path while a steam generator 
tube leak is in progress. Thus, for an event 
where the primary-to-secondary leak is greater 
than the normal charging pump capability, a 
manual or automatic safety injection will be 
necessary and will cause the tube rupture 
emergency operating procedure to be used. 

Also, the controllig procedure for unit shutdown 
and the reactivity balance calculations procedure 
were revised to more clearly allow cooldown 
initiation before the boron margin for cold 
shutdown was met, as long as the margin is 
maintained during cooldown. 

4.9 MihamaUnit2 

A leak of about 2,600 Umin (700 gpm) developed 
in Steam Generator A at Mihama Unit 2 on 
February 9, 1991 (Stoller 1991a, Stoller 1991b, 
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Nucleonics Week 1991a, Nucleonics Week 
1991b, Nucleonics Week 1991~). The 
degradation mechanism, size and location of the 
rupture, and the results of a previous steam 
generator inspection are discussed in Section 
4.9.1. The plant transient, operator response, 
radiation release, and remedial actions are 
discussed in Sections 4.9.2 through 4.9.5, 
respectively. Only limited information is 
available about this event so the discussion is not 
as complete as in some sections of this chapter. 
The leak rate is an estimate based on the North 
Anna Unit 1 rupture (which was almost the same 
size and location). 

4.9.1 Cause of the Tube Rupture 

The Mihama rupture was caused by high-cycle 
fatigue. The rupture was located on the cold leg 
side of the tube in Row 14, Column 45 at the top 
of the upper tube support plate (sixth support 
plate). The R14-C45 tube is in about the center 
of the tube bundle. The failure consisted of a 
360" circumferential crack that completely 
severed the tube. Some nearby tubes that had 
been plugged in the past were deformed and 
bowed. The severed section was striated, 
suggesting fatigue failure. There was no 
indication of denting, stress corrosion cracking, 
IGA, or corrosion thinning near the rupture 
location (Nucleonics Week 1991~). Also, there 
was only a minor buildup of deposits between the 
tube and support plate. 

The AVBs between Columns 44 and 45 and 
Columns 45 and 46 (Le., on either side of the 
failed tube) were about 40 to 50 cm shorter than 
designed and were somewhat deformed. (All 
tubes in Row 11 and higher should have been 
supported by AVBs). It is believed that when the 
AVBs were installed, tubes blocked their way 
and the workers cut them to fit. This resulted in 
poor support for the failed tube and possibly 
increased local flows, causing excessive vibration 
and the observed fatigue failure (Nucleonics 
Week 1991~). 
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The failed tube had been inspected during the 
unit's last regular outage in July 1990 and had 
been found to be without defect. The first 
indication that a new throughwall crack was 
developing was about 1 hour and 16 minutes 
before the rupture, when the operators received 
an alarm signal from steam generator blowdown 
monitor R-19. The alarm setpoint was 60 cpm, 
compared to the normal reading of 35 cpm. 

4.9.2 Plant Transient 

The Mihama rupture occurred while the plant 
was operating at full power. The air ejector 
high-radiation alarm was the first indication of a 
rupture (at 1:40 pm). Five minutes later, the 
secondary steam blowdown radiation monitor 
alarmed and the operators started the third 
charging pump. At 8 minutes, the operators 
started reducing power at 4.2% per minute to 
shut the reactor down. At 10 minutes, the 
reactor was automatically scrammed on low 
pressurizer water level and the turbine generator 
tripped. Seven seconds later, the safety injection 
pumps automatically started on low reactor cool- 
ant system pressure and low pressurizer water 
level signals. At 15 minutes, the operators 
attempted to close the main steam line isolation 
valve for the defective steam generator, having 
determined which steam generator was defective. 
The valve failed to close and an operator was 
dispatched to the valve and manually closed it at 
22 minutes. It was later determined that the main 
steam line isolation valve failed to function 
because the mirror-surfaced finish given to the 
shaft during the last maintenance outage resulted 
in its gathering graphite on the surface, which 
impeded the valve movement. 

Also at 22 minutes, the operators opened the 
steam relief valve on the undamaged steam 
generator to start cooling the reactor coolant 
system. This valve stayed open until 37 minutes. 
The hot leg temperature in the undamaged loop 
(Loop B) began to decrease at 22 minutes and 
continued to decline until 54 minutes because of 
the cooling effects of the steam dump. Between 
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30 and 45 minutes, the operators also attempted 
to open two relief valves on the pressurizer to 
begin the primary system depressurization. 
Neither valve worked because an operator had 
erroneously closed a valve in the air supply line 
to the two relief valves just before the unit's most 
recent startup. 

At 54 minutes, the operators began to 
depressurize the reactor coolant system using the 
pressurizer auxiliary spray. The pressurizer 
water level recovered to within the measurement 
range by 55 minutes due to the effects of a lower 
reactor coolant system pressure and, therefore, a 
lower rupture flow. At 57 minutes, the operators 
stopped the two high-pressure injection pumps 
after confirming the recovery of the water level 
in the pressurizer. At 1 hour, 2 minutes, the hot 
leg temperature was about 40°C below the 
saturation temperature, however, there may have 
been some voiding in the upper plenum. 
Analysis showed that the minimum critical heat 
flux was about 2.76, far above the permissible 
limit of 1.17. At 1 hour, 8 minutes, the reactor 
coolant system pressure had decreased to the 
defective steam generator secondary side 
pressure and the leakage from the primary to the 
secondary coolant system had stopped. 

Overall, about 55 metric tons of primary reactor 
coolant escaped through the steam generator tube 
rupture to the secondary coolant system, about 50 
metric tons of water was injected by the 
emergency core cooling system into the primary 
system, and about 1.3 metric tons of steam 
escaped from the damaged steam generator's 
relief valve. 

4.9.3 Operator Actions 

The operators were a little slow in reducing 
power (8 minutes), but tried to isolate the 
defective steam generator in a timely manner (15 
minutes). They were only delayed 7 minutes by 
the failure of the main steam line isolation valve 
on the defective steam generator. The operators 
started. dumping steam from the intact steam 
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generator at 22 minutes which was effective in 
cooling the primary system, but the primary 
system depressurization was delayed (54 
minutes), in part, because of the failed 
pressurized relief valves (Nucleonics Week 
1991b, Nucleonics Week 1991~). 

4.9.4 Environmental Impact 

The radioactivity released to the surrounding 
environment included 0.6 curies of radioactive 
noble gases, 0.01 curies of radioactive iodine and 
0.0002 curies of liquid radioactive substances. 
The releases were far below regulatory limits and 
the dose equivalent to the surrounding population 
was only about 1/100,000 of the natural 
background dose. 

4.9.5 Remedial Actions 

Remedial actions included inspection of the 
AVBs in all Japanese steam generators and 
replacement as necessary. Hardware changes at 
Mihama Unit 2 included replacement of the 
under-powered plant computer and redesign of 
the plant control system. Further research and 
development of advanced steam generator tube 
inspection technologies was to be funded. 
Maintenance procedures were to be improved 
and additional items inspected. Improved 
operations manuals, particularly for handling 
abnormal events, coupled with more training 
were also promised. 

4.10 Palo Verde Unit 2 

A 910 Urnin (240 gpm) leak developed in Steam 
Generator 2 at Palo Verde Unit 2 on March 14, 
1993 (Bradish 1993, Conway 1993). The 
degradation mechanism, size and location of the 
rupture, and the results of previous and 
subsequent steam generator inspections are 
discussed in Section 4.10.1. The plant transient, 
operator actions, radiation release, and remedial 
actions are discussed in Sections 4.10.2 through 
4.10.5, respectively. 
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4.10.1 Cause of the Tube Rupture 

The Palo Verde rupture was caused by ODSCC 
which occurred, in part, as a result of tube-to- 
tube crevice formation in a free span region of a 
Combustion Engineering System 80 RSG. The 
rupture occurred on the hot leg side of the tube 
bundle between the 08H and 09H horizontal, 
partial eggcrate tube support structures. The 
rupture tube was located at Row 117, Column 
144. A sketch of the Combustion Engineering 
System 80 upper tube bundle geometry on the hot 
leg side is shown in Figure 38. A cross section 
of the tube bundle in the region of the ruptured 
tube, with defects identified, is shown in Figure 
39. The stress corrosion crack was oriented in 
the axial direction, about 250 mm (10 in.) long, 
and started about 760 mm (30 in.) above the 
center of the 08H eggcrate tube support structure 
(the top of the crack was about 130 mm (5 in.) 
below the 09H eggcrate). The rupture was about 
a 65 mm (2.5 in.) long "fishmouth" type 
opening. 

Metallurgical examinations were performed on 
the ruptured tube and on a number of other tubes 
with axial crack indications in the eggcrate 
support and free span areas. The defects were all 
due to outside diameter initiated IGA and 
IGSCC, with the cracking tending towards 
IGSCC as the degradation matured. However, in 
some cases the IGA was over ten grains deep, 
and often IGA was observed to be stemming 
from an IGSCC crack location. The lower 
100 mm (4 in.) of the crack associated with the 
rupture was examined and found to be covered 
with a deposit ridge. The average throughwall 
penetration of the IGSCC was 70.2% and the 
maximum penetration was 98.2% in the lower 
100 mm of the rupture crack. Transgranular 
cracking was not observed on any tube fracture 
surface. 

Post-accident investigation of the Palo Verde 
rupture concluded that the key contributing 
factors were: free span crevice formation, a 
caustic-sulfate secondary side water chemistry, a 
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Figure 38. Palo Verde upper tube bundle geometry on the hot leg side (Conway 1993). 
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D =Deposit 
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Figure 39. Palo Verde steam generator cross section in the region of the tube bundle with the ruptured 
tube (Conway 1993). 

susceptible microstructure in the ruptured tube, 
and, possibly, residual stresses due to scratches. 
These factors are discussed next. 

Video inspection performed in the spaces left by 
the tube removals, documented the presence of 
bridging deposits. in locations where the normal 
tube triangular pitch spacing is reduced to nearly 
tube-to-tube contact. These bridging deposits 
were also detected with rotating pancake coil 
eddy-current equipment (six of the eight bridging 
deposits viewed on video were also detected with 
the eddy-current equipment). As of July 10, 
1993, the eddy-current inspections had identified 
axial bridging deposits over 54 of the 102 mid- 
span axial cracks located in both Palo Verde Unit 
2 steam generators (a total of 175 bridging 
deposits were located in both RSGs). These 
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bridging deposits were generally in the upper 
region of the bundle (between 07H and several 
inches above the batwing) where tube bowing 
had occurred. The design of the Combustion 
Engineering upper bundle supports does not 
prevent lateral or in-plane tube movement which 
can cause the reduced tube-to-tube spacing 
observed in the video inspections (Conway 
1993). The free span bridging deposits were 
determined from the metallurgical examinations 
to be as thick as 0.1 mm (4 mils) whereas the 
normal scale deposits were about half as thick. 
Chemical analysis showed a trend for increased 
concentrations of contaminants in the bridging 
deposits as the tube bundle height increased, with 
the following elements and compounds present: 
Fe,O,, Cu, NiO, SO,, CaO, MgO, ZnO, MnO,, 
A1,0,, PbO, and various sulfur species. 
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Although the Palo Verde Unit 2 secondary side 
water chemistry had been maintained within the 
plant and EPRI guidelines and out of 
specification conditions were corrected within the 
time periods required, the secondary water 
chemistry had consistently been mildly caustic. 
That is, the molar ratio of sodium to chloride had 
consistently been above one. This caused caustic 
crevice environments which were indicated by 
the high concentrations of sodium (400 ppb) 
when the unit down-powered. Also, analysis of 
the tubing surface and crack surface oxide films 
identified the presence of sulfates and reduced 
sulfur, and chromium depletion at the crack tips, 
all of which occurs in an alkaline (mildly caustic) 
environment. The source of these impurities was 
probably condenser leaks and resin intrusion. 
Failure of a resin retention screen in July 1991 
resulted in sulfate levels of about five times the 
EPRI guidelines. 

Microstructural examination of the ruptured tube 
identified an absence of intragranular carbides 
and only a few intergranular carbides. A semi- 
continuous grain boundary carbide coverage was 
expected. Microstructural characterization of 
two other pulled tubes indicated less carbide 
coverage of the grain boundaries then is 
recognized as optimum, but an improvement over 
the ruptured tube. Microstructural evaluation of 
five other pulled tubes indicated acceptable 
carbide coverage. These results suggest the 
possibility of heat treatment and/or carbon 
content fabrication problems. Alloy 600 tubes 
with few intergranular carbides are much more 
susceptible to stress corrosion cracking then tubes 
with good grain boundary carbide coverage. 

The tubing surface examinations revealed 
scratches associated with the ODSCC on a 
number of the pulled tubes (but not the ruptured 
tube). Scratched areas result in local cold work 
and high residual surface tensile stresses which 
can facilitate stress corrosion cracking. 

tube-to-tube crevice formation. The crevice, 
together with the consequential heat flux, led to 
a concentration of caustic impurities and the 
development of a long, deep crack, part of which 
ruptured. Contributing factors included: 
increased sulfate levels due to resin intrusion, a 
possible surface scratch, and a susceptible 
microstructure. 

The rupture apparently occurred suddenly. Unit 
2 had been monitoring small primary-to- 
secondary leakage since July 1992. Beginning on 
March 3, 1993 the leakage increased to about 75 
P/day (20 gpd). Increases in leak rates were 
noted during power changes and high rate 
blowdowns. However, the leak rates were 
decreasing somewhat during the 2 days prior to 
the rupture. 

4.10.2 Plant Transient 

The Palo Verde rupture occurred while the unit 
was operating at 98 % power. The first indication 
of the rupture was a notable decrease in 
pressurizer level and pressure along with an 
alarm (on one channel) from the main steam line 
radiation monitor on the steam line from Steam 
Generator 2 (at 4:34 am). In response, the 
operators suspected that the gas stripper which 
had been placed in service about 4 hours earlier 
was leaking. At 2 minutes, the operators started 
a third charging pump and energized the 
pressurizer backup heaters. They also checked 
the containment building sensors to determine if 
there was a leak inside containment from the gas 
stripper. At 4 minutes, the radiation monitor on 
the auxiliary steam condensate receiver tank 
alarmed. At 6 minutes, letdown flow was 
isolated and a histogram of radiation monitors 
associated with a steam generator tube rupture 
was displayed. Only the two monitors mentioned 
above had alarmed. The primary indicators of a 
steam generator tube rupture, the radiation 
monitors on the steam generator blowdown lines 
and on the condenser exhaust, had not alarmed. 

In summary, the Palo Verde Unit 2 rupture was 
due to IGA/IGSCC which occurred as a result of 
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At 13 minutes, the pressurizer heaters de- 
energized due to a low water level in the 
pressurizer and the reactor was tripped by the 
operators, which automatically tripped the 
turbine. Twenty-two seconds later, the safety 
injection and containment isolation systems were 
actuated due to a reactor coolant system pressure 
below 12.67 MPa (1,837 psia). The pressurizer 
level then dropped below 0 % and the pressurizer 
pressure dropped to 11.56 MPa (1,677 psia). 
However, the high pressure safety injection 
quickly restored the pressurizer level to about 4 % 
and the pressure to about 12.96 MPa (1,880 
psia). The reactor coolant pumps 1B and 2B 
were also manually tripped at about this time. In 
the following tens of minutes, the high pressure 
safety injection and charging pumps slowly 
increased the pressurizer level while the reactor 
coolant system pressure was maintained at about 
12.9 MPa (1,875 psia). By about 28 minutes, the 
high pressure safety injection flow was zero, the 
letdown flow was still isolated, the three charging 
pumps were in full operation, and the pressurizer 
level was still increasing slowly, but was 
relatively low. 

The operators, using the Emergency Operations 
Procedure Diagnostic Logic Tree, diagnosed a 
reactor trip because plant conditions did not 
allow the diagnosis for a specific recovery 
procedure, even though they now suspected a 
steam generator tube rupture. However, the 
entry conditions for the reactor trip recovery 
could not be met because of the low pressurizer 
level. So, the operators entered the Functional 
Recovery Procedure due to inconclusive 
diagnosis with the Logic Tree. As mentioned 
above, the radiation monitors on the blowdown 
lines and on the condenser exhaust were the 
primary indicators of a steam generator tube 
rupture. However, the blowdown lines had been 
isolated upon actuation of the safety systems at 
13 minutes and the monitor on the condenser 
exhaust was defective. 

At 46 minutes, the operators restored flow in the 
blowdown lines and at 55 minutes the monitor on 
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the number 2 steam generator alarmed. At 57 
minutes, the alarm on the condenser exhaust went 
off and the operators had confirmation of a steam 
generator tube rupture. However, the operators 
continued recovery actions per the Functional 
Recovery Procedure to restore pressurizer level 
to greater than 33%. At 1 hour and 30 minutes, 
a reactor coolant system cooldown to 545°F and 
10.3 MPa (1,500 psia) began. The high pressure 
safety injection increased as the pressure 
dropped, the pressurizer was restored to 33% 
full, the Functional Recovery Procedure was 
exited, and the Diagnostic Logic Tree finally 
diagnosed a steam generator tube rupture. At 2 
hours and 47 minutes, the reactor coolant system 
cooldown was restarted using the steam generator 
tube rupture procedure and at 2 hours and 54 
minutes, Steam Generator 2 was isolated. 

During the cooldown, Steam Generator 2 was 
cooled by allowing its secondary pressure to 
exceed the reactor coolant system pressure, thus 
back-flowing coolant from the steam generator 
into the reactor coolant system. This allowed the 
defective steam generator to be cooled with a 
series of auxiliary feedwater additions. At about 
6 hours, the unit entered the hot shutdown mode. 

4.10.3 Operator Actions 

The Palo Verde Unit 2 operators were burdened 
with (a) an Emergency Operations Procedure 
Diagnostic Logic Tree which used a "snap-shot " 
philosophy (i.e., it considered only what was 
occurring at a specific time rather then previous 
trends and alarms), (b) faulty radiation alarms, 
and (c) preconceived notions of where the leak 
was that were incorrect. Therefore, they were 
slow to trip the reactor (13 minutes), slow to 
confirm that a steam generator tube rupture had 
occurred (57 minutes), and very slow to start 
cooling the system down (1 hour, 30 minutes). 
The final cooldown did not start until 2 hours and 
47 minutes had passed and the defective steam 
generator was not isolated until 2 hours and 54 
minutes had passed. The primary system 
pressure remained well above the defective steam 
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generator secondary pressure and the primary-to- 
secondary leakage continued for at least 3 hours 
and probably nearer 4 hours (this value was not 
reported). Overall, a fairly slow response to a 
steam generator tube rupture. 

4.10.4 Environmental Impact 

The concentrations of radionuclides in the reactor 
coolant system were very low. Therefore, 
releases were relatively low despite the relatively 
long time to isolate the defective steam generator. 
The 2-hour exclusion area boundary thyroid dose 
was calculated to be less than 0.3 millirem and 
the 8-hour low population zone thyroid dose was 
calculated to be less than 0.04 millirem. These 
values are much less than the USNRC Standard 
Review Plan criteria of 30 rem thyroid. 

4.10.5 Remedial Actions 

Arizona Public Service Company carried out or 
planned to carry out a large number of remedial 
actions including: repair of the condensate 
demineralizers to ensure resin retention, plugging 
all tubes with suspected cracks, stabilization of 
some of the pulled tube segments with stainless 
steel cable, better molar ratio control of the 
secondary water chemistry, a resin monitoring 
program, reduced iron transport to the steam 
generators, elevated hydrazine, blowdown 
optimization, periodic down-powers to maximize 
hideout return, boric acid treatment of the 
secondary coolant, improved radiation monitor 
sensitivity (setpoints and monitor location), 
improved procedures for determining the 
primary-to-secondary leak rate, and improved 
emergency operating procedures. 

4.11 Summary and Comparison of the 
Information from the Ten Steam Generator 
Tube Ruptures 

The leak rate, degradation mechanism, rupture 
size, rupture location, and stressor and 
contributing factor information associated with 
the ten steam generator tube rupture events 

discussed in this section are summarized in Table 
12. These ruptures have occurred over the last 
20 years at a rate of about one every 2 to 3 years 
and may continue to occur. The maximum leak 
rates have ranged from 425 Plmin (112 gpm) to 
2,900 Umin (760 gpm). Maximum leak rates 
less than about 380 Q/min (100 gpm) are 
generally below the normal charging flow 
capacity of the reactor coolant system (depending 
on plant design) and are considered by the 
USNRC to be from tube defects rather than tube 
ruptures. The highest possible leak rates 
calculated for a single tube rupture are on the 
order of 3,800 Umin (lo00 gpm). 

Five different tube degradation mechanisms 
caused the ten ruptures: three ruptures were 
caused by ODSCC, two ruptures were caused by 
high-cycle fatigue, two ruptures were caused by 
loose parts wear, two ruptures were caused by 
PWSCC, and one rupture was caused by 
wastage. Additional ruptures caused by wastage 
are unlikely because only three reactors 
worldwide (all outside the US.) are now using 
phosphate water chemistry. 

Additional ruptures due to high-cycle fatigue in 
Westinghouse-type steam generators are less 
likely than a few years ago because most 
operators have inspected their steam generators 
to assure that the AVBs are properly placed and 
new steam generators are being more carefully 
fabricated. However, the Indian Point Unit 3 
experience discussed in Section 4.12 below 
suggests that such failures are possible even with 
proper AVB support. Loose parts and other 
foreign objects continue to be left in some steam 
generators and additional ruptures of tubes due 
to loose parts wear are possible. Also, extensive 
primary water and outside diameter stress 
corrosion cracking has occurred in certain steam 
generators and more ruptures caused by those 
mechanisms are possible. 

The rupture locations have generally been either 
just above the tubesheet (three ruptures), or in 
the U-bend region (six ruptures). Only the 
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Tablc 12. Sumtiiary of the leak rate, degradation mechanism, rupture size, rupture location, and stressor inforination associated with the ten 
ruptures discussed in Section 4. 

Maximum 
Plant, Leak Rate Degradation Rupture Rupture Stressors and 

Date SG Model GPM Mechanism Size Location Contributing Factors 

02/26/75 Point Bcacli-1 125 Wastage 2 adjacent ruptured bulges Sligl~tly above the tubesheet, outer row Large sludge pile, ineffective cleaning 
w-44 each about 20 nnii long and 

wide 
on the hot leg side 

09/15/76 Surry-2 330") PWSCC 114.3 nim long axial crack Top of U-bend (apex) in  Row 1, Column lligli slresses and ovalisatiori caused Iiy 
W-51 7 inward ~iiovc~iicnt of the legs due to 

suppoi I plate deformation 

06/25/79 Doel-2 135 PWSCC 100 nini long axial crack Top of the U-bend in  Row I ,  Column 24 High residual stresses duc to ovalization 

10/02/79 Prairie Is.-1 336(l) Loose Parts Wcar 38 mni long axial fislimouth Tube bundle outer surface, 76 intn above Sludge lancing equipnicnt left i n  the sleaii 

ACE-44 during fabrication 

W-51 opening the tubesheet on tlie hot leg side, Row 4, generator 
Column 1 

01/25/82 Ginna 760(') Loose Parts Wcar, 100 mm long axial fislniioutl~ 127 mm above the tubesheet on the hot Loose parts (baffle plate debris) left i n  thi 
w-44 Fretting opening leg side. Row 42, Column 55 (third row steam generator, wear of peripheral 

in  from tlie hundle periphery) tubes, fretting of inner tubes 

05/16/84 Fort Calliouti 112 ODSCC 32 min long axial crack (small Iiorizontal run at tlie lop, between tlie T u k  deformation caused by corrosion of 
vertical batwing support bars on tlie I ~ o t  the vertical batwing suppoit bars. caustic 
leg side, Row 84, Column 29, tlie rupture impurities on the secondary side 
faced down 

CE fislimoutli opening) 

07/15/87 North Anna-1 637 High-Cycle Fatigue 360" circunifcrential break Top of the 7th upper tube support plate High-cycle vibration, denting, lack of 

03/07/89 McGuirc-1 500 ODSCC 95 nini long axial crack in a 71 I iiim above tlie tukslieel at tlie lower Long sliallow groove, possibly a 

w-5 I on tlie cold leg side, Row 9, Colunni 5 I 

tube support plate 011 the cold leg side, 
Row 18, Colurnii 25 

AVB support 

W-D2 645 mtii long groove, 9.5 mni 
wide at tlie niaxiniurn point 

contaminant 

02/09/91 Miliania-2 =700(2) High-Cycle Fatigue 360" circumferential break Top of the 6th (upper) tube support plate Iligh-cycle vibration, lack of AVU 

03/14/93 Pa10 Verde-2 240 ODSCC 65 nini long axial fislnnoutli Freespan region between the 08H and Tube-to-tube crevice formation, bridging 

MHI-44 on tlie cold leg side, Row 14, Column 45 support ---- 
CE-80 opening in a 250 mtn long 

axial crack 
09H tube support structures on tlie 1101 
leg side, Row 117. Column 144 

deposits, caustic secondary water 
chemistry, susceptible material 

("NRC estimates 
%stiniatc based on similarities to tile North Anna rupture 
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McGuire rupture was near one of the lower 
support plates. (Although the Palo Verde Unit 2 
rupture was in the U-bend region, it was in the 
straight portion of a Row 117 tube between the 
08H and 09H partial support structures.) The 
ruptures caused by loose parts wear have 
occurred just above the tubesheet whereas the 
ruptures caused by high-cycle fatigue have 
occurred just above the top tube support plate. 
Any future ruptures caused by those mechanisms 
will probably occur in the same locations. 

The three ruptures caused by ODSCC appear to 
each have some unique contributing factors. The 
Fort Calhoun tube was subjected to high stresses 
caused by corrosion of the vertical batwing 
support bars. The McGuire rupture was located 
in a long shallow groove which was probably 
created during fabrication. The Palo Verde 
rupture occurred in a tube with a susceptible (and 
abnormal) microstructure. However, excessive 
caustic impurities on the secondary side were 
part of the problem in all three cases. 

The plant transient information is summarized in 
Table 13. As mentioned in the introduction to 
this section, the operators were expected to (a) 
maintain the primary coolant subcooled, (b) 
minimize the leakage from the reactor coolant 
system to the defective steam generator 
secondary side, and (c) minimize the release of 
radioactive material from the damaged steam 
generator. Timing is critical to the successful 
management of a steam generator tube rupture 
event. The key operator actions that must be 
accomplished in a timely manner include: 

Recognition that a steam generator tube 
rupture event is occurring. 

Control of the pressurizer level using the 
charging pumps and letdown line (if the 
rupture is small). 

Power reductionhrip. 
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Isolation of the defective steam generator. 

Reactor coolant system cooldown including 
pumped flow to the intact steam generators 
and intact steam generator steam dumps to 
the condenser or atmosphere. 

Reactor coolant system depressurization 
which generally requires throttling the safety 
injection and use of the pressurizer sprays or 
PORVs . 

It should be noted that based on the training that 
reactor operators receive prior to licensing, a 
steam generator tube rupture is normally easily 
recognizable. The operators have several 
indicators that can be referred to that point to the 
fact that a tube rupture is occurring. The steam 
line radiation monitors and the air ejector 
radiation monitors are the prime indicators and 
are used as Emergency Operating Procedure 
entry conditions. The operating procedures that 
are utilized to combat the transient assume that 
the plant is at power and that the systems are 
aligned properly. 

The success of the operators, as indicated by the 
times these activities started or finished in Table 
13, is mixed. For example, the Point Beach, 
Fort Calhoun, and Palo Verde operators took a 
relatively long time (up to 28, 32, and 57 
minutes, respectively) to realize (or prove to 
themselves) that a steam generator tube rupture 
had occurred. The result was that they were 
slow to start reducing power (30 minutes at Point 
Beach where the maximum leak rate was 
relatively low, 13 minutes at Palo Verde where 
the leak rate and the initial pressure drop were 
larger) and slow to isolate the defective steam 
generators (58, 40, and 174 minutes, 
respectively). Whereas, the Ginna, North Anna, 
McGuire, Surry, and Mihama operators 
recognized that a steam generator tube rupture 
event was underway within a few minutes of the 
first alarm. Their load reductions started within 
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‘able 13. Summary of plant transient iiifor 
I 

Point Beacb-l 

hlraiiiiwii Irrk rate (gpni) I25 

AI puwer Y S  

First indicaiieii uf rupurc air ejector 
rad. 

Time tiperaturs rccugiiiml SGTR 24-28 inin. 
I 

SceuilJ. third cliarging punipr stwted 
(rain.) 

I.~I~UWII liiu isulated 8 min. 

Load rduction sinrtcll 30 min. 

Manual reactor trip 47 niin. 

2. 19 

(at 25% power) 

Autoninlic reaclar scram No 

Aulonlnlic safety itijection No (blocked at 54 mi 

Defeeiive sieani yarrutur isolaied 511 min. 
main ueaiii inilation valve closed 48 inin. 
-main fecdwaier valve clowl  58 inin. 
-auailiary fenlwnter flow None 
-fad IO Terry turbine No 
-rifely ~ i i l ~ e  upen No 
-aiiniispl~eric dump valves open No 

RCS cmWuwn strried 51 mln. 
-RCP UII defective SISJII~ generalor trippal 66 niiri. 
-UCP on intact stcilni gcncratorr tripped No 
-UCP UII intra  ram generators resurted NIA 
-inwet SICJI~I generaiur steam dunips 51 niin. 

RCS dcpresrurirniiun scaricxl S1 niln. 
-safely iiijrriion ihrottlerl Yes (61 inin.) 
-srfeiy injeciien siop,Ppal NIA 
-pressurizer spray u r d  I Ir. 40 niin. 
-piessurirer PORV upen No 
-charging puiiip~ sloplnrf 73.79 min. 

Reactor euulani system and defective 
s~eani generator rccoimlary 
pressure equal 

RllR in operalion 

07 hrs 

3 hrr. 5 niin. 

Yes Excessive level in defecwul steam generator 

ition. 

7 inin. 

IO min. 
(at 70% power) 

NIA 
I 

19 inin. (One) 
No 
Yes 

z 
n 

? 
% 

*nle liigli head safety injufrion pumps are also the charying punipr. one remained in operation. 

s 
R 
o\ w 

16min. 68-SUmln. 

*I6 min. 68 oiin. 
28 niin. 
blocked 

Yes(l6 inin.) 

21 niin. 

- I 111 

- I I .5 Iir 3 Iir. I5  niiii 

.* 

Fun Cllllourl Prairie ls.-l Ginna 

336 7Ml I12 

Y k3 Yes Nu 

air ejector air ejcaor pressuru 
rnd. rad. 

5411.5 min. < I inin. 932 niin. 

9. 10 I .  2.5 0. 0 (increased 
flow ut I8 niin. 

3 niin. 24 min. 

7 niin. I .5 niin. NIA 

No NO NIA 

IO. I5 niin. 3 niin. NIA 

10.23 niin. 3 min. No 

21 niln. IS mln. 40 niln. 
27 niin. IS oiin. 40 niin. 

10.15 min. 3 min. elovJ 
3-7 inin. 032 inin. 
4-7 niin. 

54, 63. 114, 132 niiii. No 
1-2 scc at scrani 

1 hr, 36 niln. 1 mln. 41 min. 
12 niin. 4 min. 42 niin. 
13 inin. 4 inin. 43 min. 
7 hours I16 sin. 

2-3. 2-5.75 niin. 41 niin. 

42 niin. 2.73 mln. 30 niin. 
2 Iir. 47 niiti. No 

73 miii. NIA 42, 52 min. 

Yes (43 min.) 42.44 inin. No 
No No Yes (72 inin.) 

3 min. 27 niin. (2) 

61 niin. 3 Iir. 2 oiin. 

16 hr, 26 min. I 21 lir, 35 niin. 

No Yes Yes 

I 3 Iw, 47 niin. 

Norili AIIIU-I hlcGuire-I Miliania-2 PJIO Verde-2 

637 suo 700 240 

Yes Ycl: YCS Yes 

main s~eani line rad. main s~cani line rad. air ejector pressure. hlSL r:it 
rad. 

< 5 niin. < I inin. =5 min. < 57 iiiin. 

4 (ZW) 5 (3rd) 2 (3rd) 

3 min. 5 (rrcluced) 6 niin. 

3 niin. 4 min. 8 inin. No 

5 min. 819 min. No 13 iiiin. 

No No IO inin. No 

5.3 min. No (bloekd 31 23 min.) 10.1 min. 13.2 min. 

18 mln. 11 mln. 22 mln. 2 hr, 41 min. 
I6 niin. * I  I niin. 22 niin. 2 lir. 54 niin. 
5 min. -9 min. 10 mia 13 niin. 

5.3-16 isin. 
0-18 min. 

No No 
No No 

19 mln. I4 inhi., 3.5 Iir 22 niin. 2 hr, 47 inin. 
43 sin. 13 inin. (ut14 

13 niin. (one) 43 inin. (one) 

19 niin. 14. 25 inin.. 3.5 Iir 22-37 inin. 

16 mln. 14 niln. 
57 niin. (two) 

No (tried) 
34 min. 

37 min. ( I )  
I 

IO lir. 37 inin. I I 34 niin. 

5 lir. 49 niin. 17 hr 6 Iir 

No No No NO 
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1.5, 3, 4, 7, and 8 minutes, respectively, and 
their defective steam generators were isolated 
within 15, 18, 11, 18, and 22 minutes, 
respectively. (The defective steam generator at 
Mihama would have been isolated at 15 minutes, 
had the main steam line isolation valve worked 
properly.) It should be noted that it is harder for 
the operators of a plant at or near hot standby 
(Doel and Fort Calhoun) to detect a steam 
generator tube rupture. But, the operators at 
Point Beach, Palo Verde, and probably Prairie 
Island, should have been able to recognize and 
identify the event much faster. 

Also, a significant drop in pressurizer level 
should signal the operators to start and set the 
second and third charging pumps at full ff ow as 
well as reduce or isolate the letdown flow, and 
that happened in most cases. However, the third 
charging pump did not start at Doel until about 
15 minutes, the second and K i d  charging pumps 
did not start at Prairie Island until 9 and 10 
minutes, and the charging pumps at Fort Calhoun 
were not at full flow until 18 minutes. Adequate 
charging flow can prevent safety injection (for 
smaller ruptures) and allow the pressurizer to be 
used to help control the early depressurization. 
It is realized that in some instances the third 
charging pump may be a low volume, high 
discharge pressure pump that is normally utilized 
for makeup and is ineffectual in supplying large 
quantities of water in an emergency. 

Another area where timely actions were 
important is the cooldown and depressurization 
of the primary system. It is very important to get 
the reactor coolant system pressure down to a 
value below the defective steam generator 
secondary side pressure and keep it there 
(slightly below, but not so far below that the 
backflow will significantly effect the primary 
system boron concentration) while at the same 
time keeping the reactor coolant system fully 
subcooled. Reactor coolant system pressures 
above the defective steam generator secondary 
side pressure for long periods of time result in 

overfill of the steam generator secondary side 
and unnecessary radioactive material releases to 
the environment. The North Anna, Surry, 
Prairie Island, and Mihama reactor coolant 
system pressures were reduced to their defective 
steam generator secondary pressures in 34, 60, 
61, and 68 minutes, respectively, and there were 
no defective steam generator overfill problems. 
The Point Beach, Ginna, and Fort Calhoun 
reactor coolant system pressures were held well 
above the defective steam generator secondary 
side pressures for considerably longer times 
(about 7, 3, and an unknown number of hours, 
respectively) and the defective steam generators 
overfilled. The McGuire depressurization also 
took a very long time (10 hours, 47 minutes), but 
the defective steam generator at McGuire was not 
overfilled because of releases to the condenser 
and through the condenser vent, to atmosphere. 

Despite these variations in timing, it should also 
be noted that in all cases the plants were properly 
cooled down and the radioactive material releases 
were small and well below regulatory limits. 
Also, the operator performance was sometimes 
hampered by inadequate Emergency Operating 
Procedures (palo Verde, for example) or by 
defective equipment (Mihama, for example). At 
other times, the operators were hampered by 
plant conditions that did not allow rapid 
employment of Emergency Operating 
Procedures. There are still numerous reasons for 
(a) continued operator training on steam 
generator tube ruptures and (b) training on the 
recognition of events based on the indications 
that are available. Neither training method 
should be utilized by itself. It appears that the 
majority of actions that were carried out were 
accomplished in accordance with the published 
procedures. Deviations from procedures 
appeared to be thought out in advance. 

4.12 Incipient Tube Rupture Events 

Seven incipient tube rupture events which 
occurred in the U.S. during the last seven years 
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are briefly discussed in this Section. The infor- 
mation regarding these events is summarized in 
Table 14. 

J $ $  A 47 P/hr (12.5 gph) leak 
developed at Braidwood Unit 1 on October 23, 
1993, between 5:45 am and 3:OO pm. A 
subsequent inspection found that the leak was 
from a 330 mm (1.3 in.) long axial crack caused 
by ODSCC, located above the top tube support 
plate near an AVB (USNRC 1994). 

Arkansas Nuc lear One. Unit 2 A 57 Plhr (15 
gph) leak developed at Arkansas Nuclear One, 
Unit 2 on March 9, 1992 (Scott 1992). About 6 
hours after the leak was initially detected, the 
operators began shutting the plant down. A 
subsequent inspection determined that the leak 
was from a circumferential crack in the hot leg 
side of the tube in Row 67, Column 109. The 
crack was about 4.8 mm (0.19 in.) above the 
tubesheet in the explosive transition region of the 
tube. Examination of three other pulled tubes 
found 360" circumferential cracks with average 
depths between 88 and 94% of the tube wall 
thickness, which were caused by ODSCC. The 
leaking tube was plugged and stabilized, but not 
removed for inspection. The circumferential 
cracks had not been detected during a previous 
inspection in 1991 because of inadequate eddy- 
current test procedures and inappropriate equip- 
ment. 

McGuire Unit 1 A 37 Q/hr (10 gph) leak 
developed at McGuire Unit 1 on January 16, 
1992 (Pedersen 1992). The leakage was 1.3 Qlhr 
(0.35 gph) eight days earlier, 3.5 Q/hr (0.92 gph) 
on the morning of the 16th, and 37 4/hr by about 
6:OO pm on the 16th. A subsequent inspection 
determined that the leak was primarily from a 
250 mm long axial crack on the cold leg side of 
the tube in Row 47, Column 46. The freespan 
crack was about 130 mm (5 in.) above the 20th 
tube support plate. Additional cracks were found 
on the same tube between the 14th and 15th tube 
support plates with depths up to 60% of the tube 
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wall thickness. About 94 other similar indica- 
tions were found that required tube plugging. An 
indication of a crack in the failed tube which may 
have been greater than 40% of the tube wall 
thickness was measured during the previous 1991 
eddy-current inspection, but ignored. 

Maine Yankq A 318 Q/hr (84 gph) leak 
developed at Maine Yankee on December 17, 
1990 (Oesterling 1990). The plant started 
shutting down at 4 5 0  am when the leak exceeded 
7.9 O/hr (2.1 gph). By 5:21 am the leak rate 
peaked at 318 P/hr. Subsequent inspections 
determined that the leak was from a 100 mm (4 
inch) long axial crack at the top of the U-bend 
apex of the tube in Row 6, Column 43. All three 
Maine Yankee steam generators were inspected 
and ten other tubes were found and plugged in 
Rows 5 through 9 with smaller, but significant 
axial indications, on both the top and bottom of 
the tubes, in the U-bend region. These 
indications and the 100 mm axial crack are 
located in a region of the steam generator called 
the steam blanket region, where the tube supports 
depress the flow, creating a steam void. 
Secondary side contaminants are deposited on 
the tube surfaces in this region and buildup of 
these contaminants combined with the residual 
stresses introduced during fabrication, cause 
ODSCC. The Maine Yankee staff re-analyzed 
their post eddy-current data and found a 1988 
signal which may have been a precursor to the 
failure. 

Three MII 't 1 A leak of about 115 e Island Urn 
P/hr (30 gph) developed at Three Mile Island Unit 
1 on March 6, 1990 at 8:23 am (Heysek 1990). 
Plant shutdown started at 9:12 am. Subsequent 
inspections found that the leak was from a 360" 
circumferential crack in Tube A77-1 at the 
bottom of the upper tubesheet. Tube A77-1 is a 
peripheral tube located next to the open 
inspection lane. The crack is believed to be the 
result of environmentally assisted high-cycle 
fatigue. No other similar defects were found. 
The failed tube was plugged and stabilized. 

' 
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aver VaIlev. Unit 2 A leak of about 80 P/hr 
(21 gph) developed at Beaver Valley Unit 2 on 
June 21, 1989 (Stoller 1989b). Subsequent 
investigations found that the leak was from a tube 
in Row 31, Column 16. The tube defect was 
about 25 mm (1 in.) above the tubesheet on the 
hot leg side and was due to loose part wear, 
which removed about 97% of the tube wall 
thickness. Three adjacent tubes (R31/C15, 
R32/C16, and R33K16) were also damaged, 
with wall thickness losses ranging from 62 to 
97% at about 25 mm above the tubesheet. The 
loose part was found resting on the tubesheet 
between the damaged tubes and was identified as 
an anti-rotation pin from a feedwater regulating 
valve which had failed earlier. 

Unit 3 A 456 Plhr (120 gph) leak 
developed at Indian Point Unit 3 on October 19, 
1988 (Coulehan 1988) The leak developed over 
a period of 1 to 2.5 hours, but leveled off and 
remained constant until plant shutdown. 
Subsequent inspections identified a 250" 
circumferential high-cycle fatigue crack in the 
tube in Row 45, Column 51, just above the upper 
most support plate. The tube was dented at the 
support plate due to support plate corrosion and 
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the buildup of magnetite in the tube-to-support 
plate crevice. However, the Indian Point Unit 3 
tube was properly supported by its AVBs. 

For some of these incipient steam 
generator tube rupture events, the operators were 
able to quickly shutdown the reactor and isolate 
the defective steam generator. (In other cases, 
the cracks stopped growing for unknown 
reasons.) These actions limited the 
contamination of the secondary coolant and may 
have prevented actual tube rupture. Also, some 
of these events demonstrated how quickly very 
low leak rates can increase as the crack grows. 
Leak rate monitoring programs that provide close 
to real time information can limit the frequency 
of steam generator tube ruptures. "At some 
sites, data from the air ejector radiation monitors 
is continuously displayed in the control room. At 
other sites, main steamline radiation monitors 
promptly detect increases in nitrogen-16 activity. 
When combined with appropriate alarm setpoints 
and operational limits, this information can 
quickly alert operators to implement response 
procedures to monitor increases in leak rates or 
to shut down the reactor and isolate the affected 
steam generator" (USNRC 1994). 
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5. THERMAL-HYDRAULIC RESPONSE OF A TYPICAL 
PWR PLANT WITH A DEFECTIVE STEAM GENERATOR 

Analyses were performed to investigate the 
consequences of a single steam generator tube 
rupture and to investigate the consequences of 
one or more tube ruptures during a design basis 
accident (a steam line break outside contain- 
ment). As discussed in Section 4, a steam 
generator tube rupture is a break in a steam 
generator tube which results in a primary to 
secondary coolant system leak in excess of the 
normal charging flow capacity of the reactor 
coolant system (USNRC 1988a). In the event of 
a steam generator tube rupture, the goal of the 
operators is to safely place the reactor coolant 
system in a shutdown cooling mode, while 
minimizing radiological releases to the 
environment and maintaining adequate core 
cooling. The analysis presented in this section is 
based on a series of expected operator actions to 
terminate the break flow through the ruptured 
steam generator tube. The operator should 
reduce the reactor coolant system pressure below 
that of the affected steam generator and then 
continue the cooldown of the reactor coolant 
system to the point where the residual heat 
removal systems can be placed in operation. 

A steam line break concurrent with a steam 
generator tube rupture was also evaluated. This 
event presents the possibility of a core melt since 
the break and emergency core cooling flow are 
lost to the secondary side of the defective steam 
generator and the cooling water from the 
refueling water storage tank will eventually be 
depleted with no accumulation of water in the 
containment sump. If the reactor coolant system 
is not cooled down in a timely manner, and 
boiling in the core is not prevented prior to 
exhaustion of the refueling water storage tank, 
core uncovery and core damage will ensue. 
Analysis of a multiple tube rupture, steam line 
break event was also performed to show that with 
as many as 15 failed tubes, timely actions by the 

operators can ensure that the plant can be safely 
placed in a long term cooling mode. 

A description of the RELAPS model is presented 
in Section 5.1. The symptoms and key operator 
actions are discussed in Section 5.2. The results 
of a double-ended steam generator tube rupture 
and a steam generator tube rupture combined 
with a steam line break analyses are presented in 
Sections 5.3 and 5.4, respectively. Section 5.5 
presents the results of the multiple tube rupture, 
steam line break while Section 5.6 discusses the 
importance of the timing of the operator actions 
to recover from combined tube rupture, steam 
line break events. Section 5.7 summarizes the 
results and conclusions. 

5.1 Surry Plant and RELAPS Model 

The Surry nuclear steam supply system was used 
for the accident simulations. Surry is a three 
loop, 2441 MWt, Westinghouse designed, pres- 
surized water reactor. The RELAPS code was 
used to simulate the thermal-hydraulic conditions 
in the reactor vessel, the piping in all three 
primary coolant loops, the pressurizer, the three 
steam generators, and selected parts of the 
secondary systems. This model consists of 208 
thermal-hydraulic control volumes, 209 junctions 
connecting the control volumes, and 245 heat 
structures. 

In the tube rupture event, a single, double-ended 
tube failure was assumed to occur just above the 
tube sheet at the inlet side of the primary tubes. 
This corresponds to a break size of 6.09 cm2 
(0.006555 ft’). 

For the combined steam line break and tube 
rupture event, a double ended rupture of a tube 
was assumed to occur in the same location, 
however, a double-ended rupture of the steam 
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line is also assumed to occur resulting in the 
maximum secondary side break of 0.13 m2 (1.4 
ft2). This break size is limited to this value due 
to the flow restrictor in the secondary steam 
lines. 

Operator actions were also modeled to simulate 
the actions to throttle emergency cooling system 
injection, cooldown the reactor coolant system, 
and initiate operation of the residual heat removal 
systems. These actions are necessary to 
terminate the break flow for the tube rupture 
event, prevent boiling in the reactor coolant 
system, and prevent long term core uncovery for 
the combined steam generator, tube rupture 
steam line break accident. 

The reactor vessel nodalization is shown in 
Figure 40. As indicated in the figure, the core is 
modeled with ten axial volumes. The upper head 
was also nodalized with additional volumes to 
simulate the voiding and associated non- 
equilibrium effects that develop in this region 
during the event. 

Nodalization of the primary coolant loop C is 
shown in Figure 41. With the exception of the 
pressurizer and associated surge line piping, 
similar nodalizations and number conventions are 
included in the model to represent primary 
coolant loops A (designated with 200 series of 
numbers) and B (designated with the 300 series 
of numbers) for Surry. Both fluid volumes and 
heat structures were included to represent the 
primary coolant loop piping, the pressurizer and 
associated surge line, and the steam generators. 
The emergency core cooling system is comprised 
of three accumulators, two high pressure safety 
injection pumps, and two low pressure safety 
injection pumps. The analyses assumed both 
trains of injection were available. The steam 
generator main and auxiliary feedwater systems 
and associated piping were also included in the 
secondary system modeling. Auxiliary feedwater 
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is automatically actuated on low steam generator 
level. The external surfaces of all heat structures 
were assumed to be adiabatic, 

A single valve was used to represent both PORVs 
connected to the pressurizer. Similarly, a single 
valve was used to represent all three pressurizer 
safety relief valves. It was assumed that there 
was sufficient plant air and battery power to 
allow operation of the valves throughout the 
transients where PORV actuation was credited. 

For the tube rupture analysis, the break was 
modeled in Figure 41 as a junction connecting 
volume no. 408-1 in the loop C generator to the 
secondary volume no. 476-1. For the combined 
steam line break-tube rupture event, the broken 
steam line was modeled as a junction from 
volume 482 to the atmosphere. 

The residual heat removal (RHR) system was 
also modeled using the RELAPS/MOD3 control 
system logic. Appendix A describes the model 
used to compute the primary and shell side outlet 
temperatures for use in simulation of RHR 
system heat removal. Both RHR trains were 
modeled and were attached to loops B and C. 
The control system in RELAP5 was setup to 
extract water from the hot legs, cool the water 
with the RHR system and then re-inject the 
cooler water into the discharge legs of the reactor 
coolant pumps. Design data was used to 
compute the key parameters needed to calculate 
the heat removal capabilities of the RHR system. 

A discussion of the steam generator tube rupture 
and combined steam line break and tube rupture 
events is presented in the following sections. 
Before the analysis results are presented, 
background information regarding the steam 
generator tube rupture event, along with a 
summary of the expected operator actions, are 
first presented. 
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Figure 40. Surry reactor vessel nodalization. 
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5.2 Evaluation of the Steam Generator Tube 
Rupture Event 

As discussed above, the steam generator tube 
rupture event represents a violation of the barrier 
between the reactor coolant system and the main 
steam secondary system. The rupture can range 
from a failure of a small pit or crack in one tube 
to multiple, double-ended tube ruptures in a 
single generator or simultaneous ruptures in all 
steam generators. 

For a double-ended rupture of a single tube, a 
reactor trip is expected within ten minutes should 
there be no operator intervention. Multiple 
failures would result in a more rapid 
depressurization. However, if the break flow 
is within the makeup capacity of the charging 
system, an automatic reactor trip may not occur. 
In this case, a controlled shutdown of the reactor 
would be performed utilizing the appropriate 
non-emergency procedures. 

The following symptoms are characteristic of a 
steam generator tube rupture event: 

0 decreasing pressurizer level and pres- 
sure, 

decreasing level in the volume control 
tank, 

unaccounted increase in the charging 
and/or a decrease in the letdown flow 
rates, 

radiation monitors indicate an activity 
increase in the air ejectors, steam gen- 
erator blowdown lines, the turbine or 
auxiliary building ventilation monitors, 
the stack monitor, and/or steam gener- 
ator liquid sample, 

steam generator secondary level remains 
constant for a small rupture or increases 
slowly indicating a large rupture as a 

result of the primary to secondary 
leakage, and 

containment pressure and temperature 
remains unchanged. 

The steam generator tube rupture event poses 
challenges to two safety functions; reactor 
coolant system inventory control and containment 
isolation or prevention of radionuclide release. 
As such, the objective in responding to a tube 
rupture event is to control reactor coolant system 
inventory and prevent radiological release. After 
isolating the leaking steam generator, this is 
accomplished by preventing the actuation of the 
secondary relief valves. The secondary relief 
valves can be lifted by heat addition from the 
primary side or by primary to secondary leakage 
with the reactor coolant system at pressures 
greater than the secondary relief valve setpoint. 
The optimum response to control the reactor 
coolant system inventory and radionuclide 
containment is to minimize the reactor coolant 
system to secondary system pressure differential 
as soon as possible by reducing reactor coolant 
system pressure below the secondary safety valve 
setpoint, and to control reactor coolant system 
temperature to preclude lifting the secondary 
valves through the addition of heat from the 
primary. 

Fission products and activated corrosion products 
normally suspended in the reactor coolant system 
will be transferred from the primary to secondary 
plant during a tube rupture event. The steam 
plant vents and exhausts provide a potential path 
to the environment for these radioactive products. 
The passage of fission and activated corrosion 
products from the primary to the secondary side 
of the failed steam generator will produce 
increased levels of activity in the steam generator 
liquid sample. A high radiation alarm could 
occur in the steam generator blowdown 
monitoring system. Activated products (mostly 
noble gases) will be carried into the steam plant 
by the main steam flow. The non-condensible 
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gases may eventually be expelled to the 0 

environment by way of the stack through the air 
ejector exhaust and may actuate the radiation 
monitoring system. As a result of emitted gases 
and the build-up of activity in the failed steam 
generator general area, radiation levels in the 
turbine and auxiliary building may also increase 
and actuate the radiation alarms in these areas. 

THERMAL-HYDRAULIC RESPONSE 

Continue cooldown of reactor coolant 
system to shutdown cooling conditions 
and actuate RHR for long-term decay 
heat removal. The RHR system can be 
placed in operation once reactor coolant 
system pressure has been reduced below 
3.2 MPa (465 psia) and temperature has 
been reduced to 177°C (350°F). 

In summary, following a steam generator tube 
rupture, cooldown of the reactor coolant system 
is initiated, so that once the affected steam 
generator is isolated, the reactor coolant system 
is prevented from transferring sufficient heat to 
cause the secondary relief valves to lift. The 
actions to control reactor coolant system 
inventory combined with control of reactor 
coolant system pressure also preclude the release 
of radioactivity through the secondary relief 
valves. A summary of the key operator actions 
following a tube rupture event is given below. 

e Assure a reactor trip and emergency core 
cooling system is actuated. 

Identify and isolate the failed steam gen- 
erator. 

e 

e 

Assure containment isolation exists. 

Initiate reactor coolant system cooldown 
by dumping steam to condenser or open- 
ing secondary PORVs . 

Depressurize the reactor coolant system 
using normal pressurizer or auxiliary 
spray until the reactor coolant system 
pressure is below the affected steam 
generator pressure. Pressurizer PORVs 
are used if sprays are unavailable. 

Throttle emergency core cooling injec- 
tion while maintaining minimum sub- 
cooling of 16.7"C (30°F). 
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5.3 Results of the RELAPS Simulation of a 
Double-Ended Rupture of a Steam Generator 
Tube 

This section presents the results of the RELAP5 
simulation of the double-ended steam generator 
tube rupture event. The analysis includes the 
actuation of the residual heat removal system. 

The transient begins with the tube rupture, which 
causes the RELAP5 calculated reactor coolant 
system pressure, shown in Figure 42, to decrease 
producing a reactor trip at about 272 seconds. 
The loss of coolant from the reactor coolant 
system also causes the RELAP5 calculated 
pressurizer level to decrease during the first 300 
seconds, as shown in Figure 43. During the 
initial depressurization, a safety injection 
actuation signal is produced, actuating the high 
pressure safety injection system, which begins 
refilling the pressurizer after about 300 seconds. 
Actuation of high pressure safety injection also 
repressurizes the reactor coolant system to about 
14.5 MPa (2100 psia) from about 800 to 1,200 
seconds as shown in Figure 42. The RELAPS 
calculated high pressure safety injection and 
break flow rates are plotted in Figure 44. Note 
that the high pressure safety injection flow 
exceeds the break flow initially, then decreases as 
the high pressure safety injection pumps 
repressurize the reactor coolant system until the 
high pressure safety injection matches the break 
during the 800 to 1,200 second internval. This 
condition is undesirable due to the continued 
primary to secondary break flow and the heat 
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Figure 44. Break and high pressure safety injection flow vs. time (steam generator tube rupture). 

transfer from the primary to secondary system 
which causes the secondary relief valves to lift 
early in the event. The secondary PORVs are 
opened on the intact steam generators at 1,200 
seconds to facilitate cooldown of the reactor 
coolant system. Figure 45 shows the intact and 
affected steam generator pressures and the 
depressurization of the intact generators which 
was initiated at 1,200 seconds into the event. As 
noted in Figure 42, cooldown of the reactor 
coolant system using the intact steam generators 
reduces reactor coolant system pressure after 
1,200 seconds. However, to enhance the 
depressurization and terminate the release of 
radioactivity through the secondary relief valves, 
the pressurizer sprays are actuated at 2,400 
seconds into the event. Actuation of the sprays 
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produces a marked increase in the depressur- 
ization rate as shown in Figure 42, effectively 
terminating the break flow as a result of reducing 
reactor coolant system pressure below the 
affected steam generator pressure. Figure 46 
shows the primary pressure reduction in the 
affected steam generator. The reactor coolant 
system pressure is finally reduced below the 
affected steam generator pressure at about 3,000 
seconds, terminating the break flow. The release 
of radioactivity through the affected steam 
generator is also terminated at this time, 
preventing any further releases through the relief 
valves at approximately 3,000 seconds, as shown 
in Figure 47. As noted in Figure 44, high 
pressure safety injection flow is also throttled at 
about 2,800 seconds to prevent overfilling of the 
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NUREG/CR-6365 126 



THERMAL-HYDRAULIC RESPONSE 

600.0 

400.0 
n e 
E 
Y 

a, c 
B 
if 200.0 

0.0 
0.0 

Time (h) 
1 2 3 4 5 

Sec. relief valve flow rate (mflowj-487000000) 250 

200 

n e 
150 & w 

a, c 
B 

100 E 3 

50 

0 
2oooo.o 5000.0 10000.0 15000.0 

Time (s) 

Figure 47. Secondary relief valve flow rate vs. time (steam generator tube rupture). 

pressurizer and pressurizing of the reactor 
coolant system. The pressurizer sprays, along 
with the letdown flow and high pressure safety 
injection, are used throughout the remainder of 
the event to control the pressurizer level and 
facilitate reactor coolant system depressurization 
until the residual heat removal systems can be 
placed in service. As noted in Figure 48, the 
RHR system is actuated at 14,000 seconds, when 
the reactor coolant system temperature was 
reduced below 177°C (350°F) and the reactor 
coolant system pressure was reduced below 3.2 
MPa (465 psia). As depicted in Figure 48, 
actuation of the RHR system accelerates the 
cooldown of the reactor coolant system as the 
shutdown cooling mode is established and decay 
heat can be removed for an extended period of 
time. 

Figures 49 through 53 present the remainder of 
the parameters of interest to the tube rupture 
event. 

Figure 49 shows the wide and narrow range 
secondary levels in the affected steam generator, 
displaying the increase in level characteristic of 
a double-ended steam generator tube rupture 
event. 

Figure 50 shows the RHR system inlet and outlet 
temperatures following actuation of the residual 
heat removal system at 14,000 seconds. 

Figure 5 1 presents the pressurizer spray flow rate 
while the letdown flow rate is given in Figure 52. 
Note that the pressurizer flow rate is decreased 
and the letdown flow is increased during the 
3000 to 9000 second interval to prevent 
overfilling and cooling of the pressurizer. Note 
that the letdown flow is needed to control the 
pressurizer level during the event since once the 
reactor coolant system pressure has been reduced 
below the affected steam generator pressure, the 
affected steam generator becomes a source of 
water for the reactor coolant system. See Figure 
44 after about 3,800 seconds into the event. 
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Figure 53 presents the reactor coolant pump 
velocity showing that conditions were not 
achieved requiring trip of these pumps. As such, 
normal spray is available and cooldown of the 
reactor coolant system is very effective. 

A summary of the key events and operator 
actions for this event is summarized in Table 15. 

5.4 Results of the RELAP5 Simulation of a 
Steam Line Break with One Steam Generator 
Tube Failed 

This section discusses the results of the steam line 
break combined with a single steam generator 
tube rupture. Figure 54 presents the RELAP5 
calculated reactor coolant system pressure (pres- 
surizer pressure) for a single, double-ended tube 
rupture concurrent with a steam line break. The 
steam line break causes an initial rapid depres- 

surization during the first 100 seconds. The 
excessive reactor coolant system heat removal 
due to the secondary break causes the system to 
contract and the pressurizer quickly empties 
during this 100 second period, as shown in 
Figure 55. The RELAP5 calculated reactor 
vessel level is shown in Figure 56 for additional 
information. Actuation of the two high pressure 
safety injection pumps occurs from a low pres- 
surizer pressure signal. With only a single tube 
ruptured, the high pressure safety injection 
pumps quickly refill the reactor coolant system, 
marked by the increase in pressurizer level at 
about 300 seconds as noted in Figure 55. The 
reactor coolant system subcooling is not lost due 
to the overcooling and actuation of the high 
pressure safety injection. As such, the hot leg 
temperature remains well below the saturation 
temperature as shown in Figure 57. 

Table 15. Double-ended failure of a steam generator tube: Sequence of events and key assumptions. 

Steam Generator Tube Break Size (double-ended rupture) = 0.006555 ft2 

Reactor Coolant Pump Trip Time 

Secondary Cooldown Initiation Time Using Atmospheric Dump Valves 
(Intact Steam Generators) 

Pressurizer Sprays Actuated 

Time High Pressure Safety Injection First Throttled 

Break Flow Terminated due to Depressurization 

Secondary Relief Valve Flow Terminated 

Accumulators Isolated 

Conditions Achieved for RHR Entry 

Time RHR Placed Inservice 

272 sec 

1,200 sec 

2,400 sec 

2,800 sec 

3,000 sec 

3,000 sec 

3,600 sec 

14,000 sec 

14,000 sec 
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Figure 54. Pressurizer pressure vs. time (steam line break with 1 SGTR). 
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With high pressure safety injection actuation, the 
increasing inventory in the pressurizer causes the 
reactor coolant system pressure to recover at 
about 2,000 seconds into the event and stabilize 
at a value of about 11 MPa (1600 psia), as noted 
in Figure 54. This peak pressure is controlled by 
the high pressure safety injection pumps, which 
have pressurized the reactor coolant system to the 
condition where the injection flow approaches the 
break flow through the failed steam generator 
tube at about 2,OOO seconds, as illustrated in 
Figure 58. 

At 1,800 seconds, high pressure safety injection 
flow is reduced, as shown in Figure 58, to reduce 
reaGtor coolant system pressure while also 
preventing loss of pressurizer level. To prevent 
the pressurizer from draining, the high pressure 
safety injection is throttled slowly during the 
remainder of the event, Because reactor coolant 
system pressure cannot be reduced in sufficient 
time to initiate RHR operation at 3.1 MPa (450 
psia) prior to exhaustion of the refueling water 
storage tank, the pressurizer PORV is actuated at 
11,500 seconds to reduce the reactor coolant 
system pressure, as shown in Figure 54. Note 
that Figure 59 presents the integrated injection 
flow versus time, where with extrapolation of the 
initial injection rates, loss of refueling water 
storage tank inventory would occur at about 
19,000 seconds or at a refueling water storage 
tank inventory of 1 . 4 5 ~ 1 0 ~  Kg (387,100 gal). 

Note that the high pressure safety injection shown 
in Figure 58 is increased to the maximum prior 
to opening of the PORV. Once pressure has 
stabilized, the high pressure safety injection flow 
is again throttled and the low pressure safety 
injection flow is terminated to maintain a low 
reactor coolant system pressure for the remainder 
of the event, This final emergency core cooling 
throttling will delay exhaustion of the refueling 
water storage tank until about 26,000 seconds, 
based on the extrapolation shown in Figure 59. 
With the reactor coolant system pressure and hot 
leg temperature below entry conditions for the 
RHR system operation, a single RHR train is 
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placed in operation at 13,000 seconds, as shown 
in Figure 60. Figure 60 presents the RHR inlet 
and outlet temperature responses demonstrating 
that reactor coolant system hot leg temperature 
is reduced below about 100°C (212°F) at 
approximately 14,000 seconds into the event. 
The operation of at least one RHR train will 
maintain the core in a subcooled condition for the 
duration of the event. With the break in the 
steam generator active tube region, the reactor 
coolant system liquid level will not recede much 
below the elevation of the break in the steam 
generator. Continued operation of at least one 
RHR system is essential to maintain the core in a 
subcooled condition for an extended period of 
time. 

Figure 61 presents the secondary pressure in the 
broken steam generator. Comparison with 
Figure 54 shows the large pressure differential 
that can develop between the primary and 
secondary system during this event. 

Figure 62 shows the steam flow rate from the 
broken steam line. Figure 63 presents the 
pressurizer PORV flow rate during the transient, 
showing actuation at 11,500 seconds. 

Figure 64 presents the reactor coolant pump 
coastdown showing the manual trip at about 200 
seconds into the event. A reactor coolant pump 
trip is required should reactor coolant system 
pressure decrease below 9.4 MPa (1390 psia). 

Figure 65 presents the intact steam generator 
pressure during the event. To assist in reactor 
coolant system cooldown, the secondary steam 
dump valves using the secondary PORVs were 
also opened at 1800 seconds. The secondary 
steam dump flow rate during the transient is 
shown in Figure 66. 

Table 16 presents a summary of the key 
assumptions and events for steam line break tube 
rupture event discussed below. 
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Figure 66. Steam generator steam dump flow rate vs. time (steam line break with 1 SGTR). 

Table 16. 
assumptions. 

Steam Line Break Size - - 1.4 ft2 

Steam line break with one steam generator tube failed: sequence of events and key 

Steam Generator Tube Break Size (double-ended rupture) 

Reactor Coolant Pump Trip Time 

Auxiliary Feedwater to Ruptured Steam Generator Terminated at 

Secondary Cooldown Initiation Time Using Atmospheric Dump Valves 
(Intact Steam Generators) 

Pressurizer PORVs Opened 

Time High Pressure Safety Injection First Throttled 

Time Low Pressure Safety Injection Terminated 

Accumulator Actuation Isolated at 

Conditions Achieved for RHR Entry 

Time RHR Placed Inservice 

RWST Exhaust Time 

139 

0.006555 ft2 

200 sec 

300 sec 

1,800 sec 

11,500 sec 

1,800 sec 

1,800 sec 

1,800 sec 

12,000 sec 

13,000 sec 

26,000 sec 
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It is important to note that success is directly 
dependent upon (1) the throttling of the high 
pressure safety injection pumps and termination 
of low pressure safety injection flow, (2) opening 
of at least one pressurizer PORV, and (3) the 
placement of at least one RHR system into 
service to cool the reactor coolant system below 
100°C (212°F) and remove decay heat on a long 
term basis. Cooldown of the reactor coolant 
system to temperatures below 100°C will prevent 
boiling due to unanticipated changes in reactor 
coolant system pressure and would allow for the 
eventual transition to mid-loop operation. 
Isolation of the accumulators was also assumed to 
occur prior to reducing reactor coolant system 
pressure below the accumulator actuation 
pressure of 4.1 MPa (600 psia). 

5.5 Results of the RELAPS Simulation of a 
Steam Line Break with 15 Steam Generator 
Tubes Failed 

An analysis of the failure of 15 steam generator 
tubes combined with a steam line break was 
performed to show that even under these extreme 
failure conditions, effective operator intervention 
and actions to throttle emergency core cooling 
injection and actuate the RHR system will result 
in safely reaching a mode of long term cooling. 
Failures in excess of 15 tubes produces a system 
response where reactor coolant system 
subcooling cannot be recovered prior to 
exhaustion of the refueling water storage tank. 
Recovery from a steam line break with more than 
15 failed tubes would require replenishment of 
the refueling water storage tank. Figure 67 
presents the reactor coolant system pressure 
response with 15 failed steam generator tubes. 
Because of the multiple tube break size coupled 
with the steam line break, the reactor coolant 
system depressurizes rapidly. As a consequence, 
pressurizer level, shown in Figure 68, is quickly 
regained because of actuation of both the high 
and low pressure safety injection systems. 
Figure 69 presents the reactor vessel level 
depicting the rapid inventory loss in the early 
portion of the event, which is recovered due to 
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the actuation of both the high and low pressure 
safety injection systems. Reactor coolant system 
subcooling is presented in Figure 70 and 
indicates that the temperature conditions exist 
[i.e. hot leg temperature less that 177°C (350"F)I 
for entry into shutdown cooling very early into 
the event or about 1,000 seconds. Since 
sufficient reactor coolant system subcooling 
exists, high and low pressure safety injection are 
throttled at about 2,500 seconds, as shown in 
Figure 7 1, to delay exhaustion of the refueling 
water storage tank so entry into shutdown cooling 
can be achieved. Figure 72 presents the 
integrated emergency core cooling injection flow 
showing the delayed refueling water storage tank 
exhaustion time due to the necessary throttling of 
the injection flow. 

Actuation of RHR at 3,000 seconds demonstrates 
that the reactor coolant system hot leg 
temperature cm- be cooled below 100°C (212°F) 
within 1 hour following event initiation, as noted 
in Figure 70. Note that Figure 72 indicates that 
approximately 6,600 seconds is required to 
exhaust the refueling water storage tank 
inventory. Since the reactor coolant system 
temperature is reduced below 100°C (212°F) 
within 1 hour of the event initiation, loss of the 
refueling water storage tank inventory is of no 
consequence. 

To demonstrate that one RHR train can maintain 
the core in a subcooled condition following loss 
of all emergency core cooling injection, the 
transient was continued to about 10,000 seconds. 
Note that in Figure 70, the hot leg temperature 
increases at the time of loss of injection at about 
6,500 seconds due to the loss of the additional 
subcooling provided by the high pressure safety 
injection. However, with one RHR train in 
operation, reactor coolant system temperature is 
maintained below 100°C (212°F) for the duration 
of the event. Therefore, one RHR train is 
capable of preventing reactor coolant system 
boiling following loss or termination of all 
emergency core cooling. Long term decay heat 
removal is guaranteed with continued operation 
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of at least one of the two RHR trains in oper- 
ation. The RHR inlet and outlet temperatures are 
displayed in Figure 73. 

Table 17 presents the sequence of events and key 
assumptions for this event. 

5.6 Results of the RELAPS Simulation of a 
Steam Line Break with 15 Steam Generator 
Tubes Failed and No Operator Actions 

An analysis of 15 failed steam generator tubes 
combined with a steam line break was performed 
without operator action to show the effect of no 
operator actions on the timing of core uncovery. 
Unlike the analyses described above, no 
throttling of emergency core cooling injection is 
assumed nor is actuation of the RHR system 
credited in this evaluation. 

Figure 74 presents the reactor coolant system 
(pressurizer) pressure response. Figure 75 pre- 
sents the reactor coolant system subcooling and 
since the emergency core cooling was not 
throttled, the refueling water storage tank is 
exhausted at 3500 seconds (as shown in Figure 
76), which results in a loss of reactor coolant 
system subcooling at approximately 4000 seconds 
into the event. Without emergency core cooling, 
the core decay heat depletes the liquid above the 
core due to boiling and causes the two-phase 
level to eventually recede into the core, exposing 
the top portion of the core to steam cooling. 
Figure 77 shows the fuel rod cladding surface 
temperature. At about 24,000 seconds into the 
event core uncovery is initiated, producing an 
increase in fuel surface temperature. Note that it 
is necessary to deplete the liquid in the reactor 
coolant system above the top of the core in 
addition to the liquid contained in the affected 
steam generator before core uncovery will occur. 
Without re-initiation of emergency core cooling, 
the fuel will continue to heat up and eventually 
melt. 
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This analysis shows the importance of the early 
operator actions to throttle emergency core 
cooling and delay exhaustion of the refueling 
water storage tank. That is, the operator must 
diagnose the event and take appropriate actions to 
throttle emergency core cooling to permit a 
timely actuation of the RHR system. The 
analysis of the 15 steam generator tube rupture 
event combined with the steam line break clearly 
shows that the operator must throttle the 
emergency core cooling injection pumps within 
the first hour of the event initiation, to enable 
sufficient time to actuate RHR and cool the 
reactor coolant system below the boiling point, 
and thereby prevent the long term uncovery and 
melting of the core. 

5.7 Operator Actions During Combined 
Steam Line Break-Tube Rupture Events 

The analyses of the steam line break combined 
with steam generator tube ruptures clearly 
demonstrates the need for timely operator action 
to assure the plant can be safely placed in a mode 
of long term cooling. Since this event represents 
a potential core melt bypass sequence where the 
reactor coolant is lost from the containment, 
precluding the capability to recirculate fluid lost 
from the reactor coolant system, it is important to 
establish operation of the decay heat removal 
system to prevent boiling and uncovery of the 
core during the long term. Analysis of the 
steam line break tube rupture event shows that 
the need for operator action varies from several 
hours for the single tube failure event, to less 
than one hour for the 15 tube failure event, to 
assure that the core is safely cooled. For the 
single tube failure event, the refueling water 
storage tank is exhausted in 19,000 seconds if the 
operator fails to throttle the high and low 
pressure safety injection. For the 15 tube failure 
event, loss of the refueling water storage tank 
occurs at about 3500 seconds. Clearly more time 
is available for the case with only one failed tube. 
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Figure 73. Residual heat removal system inlet and outlet temperatures vs. time (steam line "reak WL 15 
SGTRs). 

Table 17. Steam line break with 15 steam generator tubes failed: Sequence of events and key 
assumptions. 

Steam Line Break Size 
Steam Generator Tube Break Size 

Auxiliary Feedwater to Ruptured Steam Generator 

Reactor Coolant Pump Trip Time 
Secondary Cooldown Initiation Time 

Using Atmospheric Dump Valves (Intact 
Steam Generators) 

(double-ended ruptures) 

Terminated at 

Time High Pressure Safety Injection First Throttled 
Time Low Pressure Safety Injection Terminated 
Accumulator Actuation 

1.4 ft2 
0.098325 ft2 

300 sec 

200 sec 
1800.0 sec 

2400.0 sec 
2400.0 sec 

Not Isolated, 

Accumulators Discharged 
Time Conditions Achieved for RHR Entry 
Time RHR Placed Inservice 
Refueling Water Storage Tank Exhaust Time 
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- - 1000 sec 
3000 sec 

= 6600 sec. (1.83 hours) 
- - 
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Figure 74. Pressurizer pressure vs. time (steam line break with 15 SGTRs, no operator action). 
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Figure 75. Reactor coolant system hot leg temperature vs. time (steam line break with 15 SGTRs, no 
operator action). 
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However, as with all bypass loss-of-coolant 
accident sequences, the operators cannot delay 
the actions to throttle and cool down the reactor 
coolant system because a procrastinated operator 
intervention could lead to an eventual core melt 
scenario. 

Section 4 discusses steam generator tube failure 
events and noted in some instances, operator 
actions to control emergency core cooling and 
reduce reactor coolant system pressure did not 
occur before two to three hours into the event. 
Clearly, for events that include only a ruptured 
steam generator tube, bypass of the emergency 
core cooling injection is not a concern and 
operator timeliness is not as critical as that for 
combined steam line break, tube rupture events. 
The importance of these calculations is that early 
operator intervention is mandatory to assure long 
term cooling for combined steam line break, tube 
rupture events. Delays in the operator actions 
for tube rupture, steam line break events could 
lead to core uncovery and melt. 

5.8 Conclusions 

Analyses of the steam generator tube rupture and 
combined steam line break and tube rupture 
events were performed to demonstrate methods 
which can be used to cooldown a typical 
pressurized water reactor coolant system to 
shutdown cooling conditions while minimizing 
radiological release and controlling reactor 
coolant system inventory. 

The results of the steam generator tube rupture 
event demonstrate that the break flow and release 
of secondary steam from the affected steam 
generator can be terminated within one hour of 
initiation of the tube failure. Cooldown and 
initiation of RHR for long term cooling can be 
achieved in approximately four hours following 
opening of the break. 

Following a combined steam line break, tube 
rupture event, it is necessary to cooldown and 
throttle emergency cooling system flow as soon 
as possible to prevent exhaustion of the refueling 
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water storage tank. Since the combined steam 
line break, tube rupture event results in 
exhausting the refueling water storage tank 
through the secondary system (when the 
emergency core cooling system is not throttled), 
it is not possible to develop a containment sump 
inventory to eventually transfer injection from the 
refueling water storage tank. As a consequence, 
there is need to more quickly cooldown the 
reactor coolant system using the PORVs to 
provide a timely depressurization of the reactor 
coolant system. This action, plus throttling of the 
emergency cooling system injection, delays 
exhaustion of the refueling water storage tank 
and maximizes the time available to cooldown the 
reactor coolant system to RHR initiation 
conditions. Unlike the tube rupture event where 
reactor coolant system pressure need only be 
reduced below the affected steam generator relief 
valve setpoint, cooldown of the reactor coolant 
system to actuation of RHR is required to assure 
successful control of the combined steam line 
break, tube rupture event. Actuation of the RHR 
system is necessary to preclude boiling in the 
reactor coolant system and assure that long term 
core cooling can be maintained. Analysis of this 
event demonstrates that a timely cooldown of the 
reactor coolant system and throttling of the 
emergency cooling system injection can facilitate 
operation of the RHR system at 17,000 sec (4.7 
hrs) or well within the 7.2 hours required to 
exhaust the refueling water storage tank. 
Evaluation of the multiple steam generator tube 
failure, steam line break event demonstrates that 
under the extreme case when 15 tubes are failed, 
operator action is required within 1 hour of event 
initiation to assure that the core is safely cooled. 
The importance of the tube rupture, steam line 
break events is that early operator action is 
mandatory to assure that a long term stable state 
can be achieved for this class of accidents. A 
procrastinated operator intervention can lead to 
an early core uncovery and core melt sequence 
for these events. 
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6. THE RISK SIGNIFICANCE OF STEAM GENERATOR TUBE 
RUPTURE ACCIDENTS 

6.1 Introduction 

Steam generator tube rupture accidents can be 
categorized as spontaneous or induced tube rup- 
tures. A spontaneous steam generator tube 
rupture is the rupturing of one or more steam 
generator tubes that is not caused by another 
event or an upset in normal expected operational 
parameters. Unlike spontaneous steam generator 
tube ruptures, an induced steam generator tube 
rupture is an accident that is associated with an 
upset condition. Induced steam generator tube 
ruptures are conditional based on the occurrence 
of other events. 

Three important contributions make up the risk 
profile of an operating nuclear plant. These three 
contributions are: 

a the core damage frequency, 
a the amounts and types of radioactive 

material entering the environment, given 
an accident, and 

quences. 
a the accident's environmental conse- 

Both spontaneous and induced steam generator 
tube ruptures may be risk significant due to the 
fact that the radionuclides may bypass the reactor 
containment building during these events. Con- 
tainment bypass events result in a dispropor- 
tionate amount of radionuclides being released to 
the environment, when compared to other pos- 
sible accident scenarios. 

Risk is typically calculated as the product of the 
core damage frequency multiplied by the offsite 
consequences. This risk measure produces a 
frequency of offsite early and latent fatalities due 
to the accident. Accident sequences that result in 
containment bypass are important contributors to 

a nuclear facility's risk profile. Steam generator 
tube rupture is typically a high total contributor 
to the containment bypass frequency. 

Insights into the U.S. steam generator tube rup- 
ture risk profile can be gained from an examin- 
ation of the USNRC and industry probablistic 
risk assessment and IPE program results. The 
risk associated with a steam generator tube rup- 
ture is dominated by a few significant failures. 
Typically the dominate contributors are human 
error (operator fails to depressurize) and failures 
that cause loss of reactor water storage tank 
inventory. 

6.2 U.S. Individual Plant Examination Core 
Damage Frequency and Risk Profile 

The U.S. nuclear power plant core damage 
distribution is shown in Figure 78. This figure 
was constructed based on the results of the IPE 
submittals to the USNRC. As this figure indi- 
cates, there is a wide variation in the core 
damage frequency among the U. S . nuclear power 
plant designs. The various nuclear power plant 
vendors, utility preferences, and the regulatory 
envi,ronment in the U.S. have produced a wide 
variety of different nuclear plant ,designs. These 
design variations produce a wide variation in 
core damage frequency. However, all of these 
designs meet current U.S. certification require- 
ments. 

Table 18 provides a summary of the relevant IPE 
results for 18 US PWRs. The total core damage 
frequency caused by internal events, percent of 
the total core damage frequency caused by 
spontaneous steam generator tube ruptures, and 
the percent of the containment bypass fraction 
caused by spontaneous steam generator tube 
ruptures are listed for each plant. Since only 
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Figure 78. The U.S. nuclear power plants' core damage frequency distribution as reported to the U.S. 
NRC by the IPE programs. 

spontaneous tube ruptures were considered, the 
percent of the containment bypass fraction caused 
by tube ruptures is also essentially the percent of 
the total risk due to steam generator tube 
ruptures. As this table indicates, the total core 
damage frequency caused by internal events at 
these 18 plants ranges from a low of about 3 x 

to about 3 x lo4 per year. The spontaneous 
tube rupture contribution to the total core damage 
frequency varies from 1 x IO-* to 1 x lo5 per 
year, and the percent of the total core damage 
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frequency caused by spontaneous steam generator 
tube ruptures varies from 0.02% to about 11 %. 
The contributions of the various types of possible 
accident sequences to the total core damage 
frequency at a typical plant is shown in Figure 
79. In this case, the spontaneous steam generator 
tube ruptures account for about 4% of the total 
core damage due to internal events. Most of the 
core damage frequency is due to support system 
faults, loss of coolant accidents and transient with 
scram. 
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able 18. U.S. PWR IPE results. 

Total core damage 
frequency caused by 

internal events 
U.S. Plant Name 

Arkansas 1 5 x 10” 

Percent of the total 
core damage 

frequency caused 
by spontaneous 
steam generator 
tube ruptures 

0.4% 

, Percent of 
containment 

bypass fraction 
caused by 

spontaneous steam 
generator tube 

rupture 

26 % 

Callaway 4 x 10-5 2% 10 % 

Comanche Peak 4 x 10-5 6% 7 %  

Cook 6 x 11% 11 % 

Diablo Canyon 9 x 2% 11 % 

Farley 1 x 10-4 0.04% 9 %  

Catawba 4 x 10-5 Not Reported Not Available 

Kew aunee 7 x 10-5 8% 99 % 

Indian Point 2 3 x 105 7% 20 % 

Indian Point 3 4 x lo5 5 %  79 % 

McGuire 4 x lo5 0.02% 2 %  

Seabrook 7 x 10-7 1% Not Available 

Sequoyah 2 x  lo4 4% 75 % 

Surry 2 x 10-4 5% Not Available 

South Texas 4 x 5% 22 % 

Trojan 6 x 2% Not Available 

Vogtle 5 x 10-5 4% 12 % 

Watts Bar 3 x 10-4 3% 6 %  

1. All numbers have been rounded to one significant digit. 

2. The steam generator tube rupture percentage of containment bypass values were estimated based 
on information presented in the IPEs. In some cases it was difficult to determine these percentages 
and they had to be estimated based on supporting information. 
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TRANSIENTS WITH 
SCRAM 16% 

LOSP 

Figure 79. Typical steam generator tube rupture contribution to the total core damage frequency (note: 
these results are from the Sequoyah nuclear power plant's IPE submittal). 

However, the contribution of the spontaneous 
steam generator tube ruptures to the total core 
damage frequency should not be used to 
determine the risk acceptance of various steam 
generator designs or degraded conditions. This 
is because steam generator tube rupture accidents 
generally result in containment bypass and 
therefore the offsite risk profile is much more 
strongly influenced by this event than is the core 
damage frequency. In other words, the 
containments used in the US and elsewhere 
reduce or eliminate the offsite doses from most of 
the other, higher core damage frequency, 
accidents such that the risk contribution from the 
spontaneous steam generator tube rupture event 
becomes more significant. The data in Table 18 
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indicate that the fraction of the total risk 
associated with spontaneous steam generator tube 
ruptures at most PWRs is above about 10% and 
at some plants is quite high (75 % to 99%). 

The U.S. ice condenser containment plants might 
be expected to have a lower percentage risk 
contribution from steam generator tube rupture. 
The ice condenser containments have a lower 
design pressure than other types of containment. 
Therefore, early containment failure during 
certain other higher core damage frequency 
accidents is possible. Early containment failure 
would increase the contributions of the other core 
damage accidents to the overall core damage 
frequency and the net contribution from steam 

152 



RISK SIGNIFICANCE 

generator tube rupture would be expected to be 
lower. However this generalization cannot be 
made. As Figure 80 indicates, even for the ice 
condenser containments the steam generator tube 
rupture contribution can be large. 

Induced steam generator tube ruptures have not 
been considered in the US IPEs, but are being 
evaluated by the USNRC as part of the steam 
generator rule-making program. The IPEs used 
only the spontaneous tube rupture history 
discussed in Chapter 4, and did not consider the 
incipient tube rupture information or the steam 
generator tubing degradation information 
discussed in Chapter 3. 

6.3 
Contributions 

Steam Generator Tube Rupture Risk 

The risk profile of an operating nuclear power 
plant is composed of a variety of core damage 
accidents. The core damage contributors include 
loss of coolant accidents, losses of offsite power 
(including station blackout), transients, 
anticipated transients without scram, and steam 
generator tube rupture. As mentioned in the 
introduction to this section, there are two 
important steam generator tube rupture risk 
contributors. These are: 

a spontaneous steam generator tube 
rupture, and 

a induced steam generator tube rupture. 

A spontaneous steam generator tube rupture is 
the rupture of a tube that is not caused by another 
event or an upset in normal expected operational 
parameters. An induced steam generator tube 
rupture is an accident that is associated with an 
upset condition. Induced steam generator tube 
ruptures are conditional based on the occurrence 
of other events. Each of these two contributors 
are further discussed in the following sections. 

The relative risk importance of spontaneous 
steam generator tube ruptures and induced steam 
generator tube ruptures is a function of the 
amount of tube degradation found in the steam 
generators. Induced steam generator tube 
ruptures become more risk important as the 
steam generator tubes' ultimate pressure capacity 
degrades because the probability of core melt is 
much higher during an induced (multiple) tube 
rupture event. 

6.3.1 Spontaneous Steam Generator Tube 
Rupture 

One spontaneous steam generator tube rupture 
event has occurred about every 2 years during 
the last 20 years (see Table 12 in Chapter 4). 
These spontaneous steam generator tube rupture 
events have been associated only with 
Westinghouse and Combustion Engineering 
designed steam generators. However, Babcock 
& Wilcox plants have experienced leaks and 
incipient tube ruptures (see Table 14). The 
frequency of the spontaneous steam generator 
tube rupture events has been estimated to be 
about 2.5E-2 per reactor year of operation. This 
value is computed by dividing the total number of 
tube ruptures by the reactor years of operation. 
(The steam generator tube rupture frequencies 
used in the IPEs range from 1E-2 to about 3E-2 
per reactor year.) 

The lack of an exact break point for the onset of 
a tube rupture has led to some uncertainty in the 
determination of the frequency of spontaneous 
steam generator tube ruptures. There have been 
a large number of leaking tubes, some of these 
leaks have been large enough that the tube is 
considered ruptured in some studies and not in 
others. As discussed in Chapter 4, the USNRC 
classifies a steam generator tube rupture as a 
break in a steam generator tube which causes a 
primary to secondary coolant system leak in 
excess of the normal changing flow capacity of 
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/I Other (25.2%) 

SGTR (74.8%) 

Figure 80. Steam generator tube rupture contribution to the total containment bypass fraction at the 
Sequoyah nuclear power plant (ice condenser containment) 

the reactor coolant system (USNRC 1988a). As 
a result, tube rupture condition may be a function 
of the tube size, the plant operating conditions, 
tube break size, and the capacity of the plant's 
charging sy s tem . 

6.3.2 Induced Steam Generator Tube Rupture 

Induced steam generator tube ruptures have 
contributions from the following type of events: 

0 operational transients, 
rare events, and 
severe accidents. 
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These events introduce moderate to large 
increases in the pressure differential across the 
steam generator tubes. For aged or degraded 
tube conditions, the moderate to large increases 
in the pressure differential can increase the 
probability of steam generator tube failure. As a 
result, induced steam generator tube ruptures are 
typically associated with steam generator tubes 
that have degraded with time beyond some 
threshold; the tube's pressure capacity has 
degraded when compared to a spectrum of 
pristine tubes. The tube failure probability is a 
function of the amount of tube degradation. If 
the tube degradation is large enough, the induced 
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steam generator tube rupture accidents can have 
a higher risk contribution than the spontaneous 
steam generator tube rupture events. No 
recorded induced steam generator tube rupture 
event has occurred to date. Induced steam 
generator tube rupture events can be controlled 
by maintaining good mechanical integrity of the 
steam generator tubes. 

Operational Transients. Operational transients 
occur frequently and may result in slight or 
moderate increases in the pressure drop across 
the steam generator tubes. These types of 
transients include: 

turbine trip, 
loss of main feed, 
temporary loss of off site power, 
failed open turbine bypass valve, and 
loss of a reactor coolant pump. 

The frequency of occurrence of these events and 
an upper bound to the pressure drop across the 
steam generator tubes are provided in Table 19. 

The operational transients can become risk 
significant when the steam generator tubes are 
severely degraded. When the operational 
transients are combined with a failed or stuck 
open atmospheric dump valve or secondary side 
safety relief valve, an increase in the pressure 
differential challenges the steam generator tube 
integrity and the risk increases. 

The impact of a stuck-open turbine bypass valve 
on peak steam generator tube differential 
pressure should also be investigated in 
conjunction with the operational transients. A 
stuck-open or spuriously opening turbine bypass 
valve may also introduce a large differential 
pressure similar to a stuck-open atmospheric 
dump valve, or secondary side safety relief 
valve. Some plants have turbine bypass valves 
with a 100% load rejection capacity. These 
plants may experience a more significant steam 
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generator tube overpressure. An operational 
event with these types of single failures may be 
the most risk significant of all steam generator 
tube rupture events when the steam generator is 
badly degraded. 

Rare Events. Rare events are design basis or 
other events that have a low frequency of 
occurrence, but may result in significant steam 
generator tube overpressures. These types of 
events typically include: 

b main feed line break, 
b main steam line break, 

anticipated transients without scram, and 
b loss of coolant accidents (reversed 
0 

pressure drop). 

These events are less risk significant than the 
operational events with degraded steam generator 
tubes due to their lower frequency of occurrence. 
However, these events are typically used to 
conservatively bound the worst case accident for 
regulatory purposes. 

Severe Accidents. Severe accidents are very 
low frequency events. In some cases, severe 
accidents may cause much higher pressure- 
temperature conditions in the steam generators 
than expected during typical design bases 
accident conditions. Tube degradation in 
association with these elevated pressure- 
temperature conditions can increase the 
probability of tube failure. Typical severe 
accidents of concern for degraded steam 
generator tubes include: 

b anticipated transient without scram, 

station black out, and 

station blackout with a stuck open 
atmospheric dump 'valve or safety relief 
valve. 
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Table 19. Identification of Initiating Events. 

Peak Tube Differential Initiator 
Event Description Pressure Frequency” 

(per year) 

Decrease in Reactor Coolant Svstem Inventorv 

Event represents the inadvertent opening of a PORV, leading to a small leak path 
for reactor coolant system inventory. Initiator frequency obtained from Gentillon 

A = 7.4E-3 
0 = 2.5E-3 < 9.7 MPa 

et al. (1994). (1,400 psi) EF = 10.1 

Event represents either a medium or large loss of coolant accident, with rupture 
diameter greater than 2 inches. Initiator frequency obtained from Ericson et al. 

h = 1.5E-3 
(I = 3.6E-3 < 9.7 MPa 

(1990), medium and large loss of coolant accident. ( 1 , m  Psi) EF = 9.7 . 
Increase in Heat Removal bv Secon 

Event represents a feed water system failure which causes an increase in feed 
water flow in one loop. Initiator frequency obtained from Gentilllon et al. (1994). 

~~~~ ~ ~ 

Event represents the inadvertent opening of a steam generator relief valve, 
resulting in low pressure in the secondary system. Initiator frequency obtained 
from Mackowiak et al. (1985), PWR Category 29. 

Event represents the rupture of the main steam line. Initiator frequency obtained 
from Ericson et al. (1990). 

d - ary @stem 

A = 5.6E-2 
u = 1.2 < 9.7 MPa 

(1,400 psi) EF = 11.0 

h = 2.OE-2 
u = 0.18 - 12.8MPa 

(1,850 psi) E F  = 31.6 

A .= 5.OE-4 
(I = 1.2E-3 - 17.2 MPa 

( 2 S M  mi) EF = 9.7 
~ 

Decrease in Heat Removal by Secondary Side 

The loss of the plant external power grid. Initiator frequency obtained from 
Gentillon et al. (1994). < 9.7 MPa 

(1 -400 DSi’l 
~~ ~ 

Trip of the turbine generator that decreases steam flow to the turbine. Initiator 
frequency obtained from Gentillon et al. (1994). 

< 12.8 MPa 
(1,850 psi) 

Event represents a loss of alternating current power to the secondary heat removal 
system. Initiator frequency obtained from Mackowiak et ai. (1985). PWR 
Category 37. 

< 12.8 MPa 
(1,850 psi) 

I The loss or reduction of normal feedwater flow for one loop. Initiator frequency 
obtained from Gentillon et al. (1994). 

< 12.8MPa 
(1,850 psi) 

The rupture of the feedwater line. Initiator frequency obtained from Ericson et al. /I (1990). 
- 17.2 MPa 
(2,500 psi) 

II Decrease in Reactor Coolant Svstem Flow Rate 

A = 3.5E-2 
u = 0.44 

EF = 11.9 

a = 0.40 
a = 1.6 

EF = 5.3 

A = 0.11 
(I = 0.40 

EF = 14.6 

A = 0.43 
u = 2.2 

EF = 5.8 

a = 5 . 0 ~ 4  
= 1.2E-3 

EF = 9.7 

The loss of reactor coolant system flow in one loop (e.g., reactor coolant system < 12.8 MPa A = 4.2E-2 
pump failure). Initiator frequency obtained from Gentillon et al. (1994). (1,850 psi) (I = 0.63 

EF = 9.1 

Transients 

A transient with subsequent failure to SCRAM the reactor. Initiator frequency 

3, failure to scram the reactor.h 

- 17.2 MPa A = 1.4E-4 

EF = 7.9 
obtained from Gentillon et al. (1994). all transients, and Ericson et al. (1990), Vol. (2,500 psi) (I = 1.OE-3 
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Table 19. (continued) 

Notes 

a. l i s  the initiating event frequency; u is the standard deviation of the initiating event frequency; EF is the associated error factor of the 
log-normal distribution. The initiator was developed by adding the large loss-of-coolant (LOCA) and the medium LOCA initiators 
together. The resulting initiator parameters were calculated by using Monte Carlo simulation with the equation: Large LOCA + 
M e d i i  LOCA, where Large LOCA was assumed to be a lognormal distribution with mean of 5.0E-4 and standard deviation of 1.2E-3 
and Medium LOCA was assumed to be a lognormal distribution with mean of 1.OE-3 and standard deviation of 2.5E-3. 

b. The initiator was developed by multiplying the overall transient initiator by the probability of failing to scram the reactor. The resulting 
initiator parameters were calculated by using Monte Carlo simulation with the equation: f(transients) * P(fail to scram1 transient), where 
f(transient) was assumed to be a lognormal distribution with mean of 2.4 and standard deviation of 2.2 and P(fai1 to scram1 transient) 
was assumed to be a lognormal distribution with mean of 6.OE-5 and standard deviation of 7.6E-5. 

Historically, severe accident analyses have 
assumed that pristine steam generator tubes will 
remain intact and failures in the hot leg/surge line 
will probably occur first. This conclusion is 
based on the existence of a loop seal in the cold 
leg and good mixing of the counter-current hot 
leg flow in the inlet plenum of the steam 
generator. The severe accident natural 
circulation flows that may induce reactor coolant 
system failures and that also increase the 
temperature in the steam generator tubes are 
discussed later in this section. 

If a severe accident induced steam generator tube 
rupture occurs, it occurs from one of two causes. 
These causes are: (a) high temperature creep 
rupture of the steam generator tubes, or (b) high 
temperature-high pressure induced rupture of 
defective tubes. The probability of steam 
generator tube rupture becomes larger than the 
probability of creep rupture as the tubes degrade 
(e.g,. as the cracks become larger). The tubes 
may degrade to the point where only tube 
ruptures occur during a severe accident that 
induces high pressurelhigh temperature steam 
generator tube conditions. 

6.4 Risk Significant Steam Generator Tube 
Rupture Failures 

The risk significant failures and mistakes during 
the course of a steam generator tube rupture 
accident can be broken down into a few high 
level items. These key item controlling risk are: 

0 failure to promptly depressurize, 

0 reactor water storage tank failures, 
- loss of suction 
- depletion, 

e failure to promptly isolate the defective 
steam generator, and 

0 failure to achieve RHR entry conditions 
in a reasonable time period. 

The dominant contributors listed above are a 
typical result of steam generator tube rupture 
probabilistic risk assessment analyses (discussed 
in more detail in the following paragraph). 
These failure contributors should only be 
considered typical. The variations in PWR 
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designs and emergency response procedures can 
have an impact on the risk significant operator 
actions and component and system failures. 

These risk significant operator actions and 
component failures are typically identified using 
classical probabilistic risk assessment techniques. 
Best estimate thermal-hydraulic calculations are 
performed to determine the minimal set of 
operator actions and equipment needed to prevent 
fuel damage and also to identify the possible 
range of accident sequences. This information is 
then used to develop the plant response models. 
These models consist of event trees and fault 
trees or other system logic models. The event 
tree accident sequences reflect the results of the 
actions that are successful in preventing fuel 
damage and those that are not successful. The 
event tree accident sequences are processed and 
quantified to determine the minimal set of 
failures that result in core damage. The 
dominant failure modes are then identified as the 
high frequency core damage events. 

After linking, the failure probability associated 
with the various operator actions and 
components can then be set to one or zero to 
determine the importance of the various failure 
modes. The operator actions and components are 
then ranked in terms of their increase or decrease 
on the frequency of the occurrence of the 
accident. This ranking determines the impact on 
risk of the reliability of the individual operator 
actions and components. This ranking is based 
on best estimate thermal-hydraulic calculations, 
the reliability of the plant's systems, and standard 
operating procedures. 

6.5 Containment Bypass 

Containment bypass events are very important in 
understanding the steam generator tube rupture 
accident's progression and the risk associated 
with steam generator tube rupture. The 
important containment bypass effects are: 
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containment bypass influences the 
number, reliability, and types of systems 
needed to prevent core damage from 
occurring, 

containment bypass events influence the 
core damage frequency distribution 
associated with a range of multiple tube 
rupture events, and 

containment bypass provides a direct 
release path to the environment for the 
radionuclides. 

It has been noted from combined thermal- 
hydraulic and probabilistic risk assessment 
sensitivity studies that the number of steaii 
generator tubes failing during a steam generator 
tube rupture event impacts the risk profile when 
the containment is bypassed. The impact on the 
plant risk (defense in-depth) of a given number of 
steam generator tube failures is listed in Table 
20. 

Table 20. The impact of the number of tubes 
failed on defense in depth. 

Number of Tubes 
Failed In-Depth 
A few 

Immct on Defense 

Requires operator to depres- 
surize the reactor coolant 
system. 

Greater than a few Plant automatically depres- 
surizes. 

Greater than about 
about 15 tubes 

Reactor water storage tank 
inventory is depleted before 
RHR entry conditions can be 
achieved. 

The information in Table 20 suggests that the 
integrity of the steam generator tubes needs to be 
controlled to prevent an operational transient 
from inducing a large number of multiple tube 
ruptures. If a large number of tubes fail, the 
typical steam generator tube rupture accident 
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mitigation strategies may become ineffective and 
the containment bypass steam generator tube 
rupture events may result in core damage and a 
significant increase in the public risk. Steam 
generator tube inspection procedures need to be 
such that they protect against reaching the no 
defense-in-depth break point number of severely 
defected tubes. In other words, the inspection 
and maintenance procedures must adequately 
identify and correct the tube degradation to 
prevent serious consequences. 

The number of failed tubes for the categories 
shown in Table 20 are a function of the specific 
plant and the plant’s systems. Typically a few 
tubes is less than four, more than a few between 
four and fifteen, and a large number greater than 
fifteen. It should be noted that these break points 
will be different for different plants. They are a 
function of the RWST inventory, the steam 
generator tube size and the emergency core 
cooling system flow rates. 

6.6 Steam Generator Tube Degradation 

As discussed in Section 3, the three most 
widespread types of tube degradation affecting 
U.S. PWR steam generator tubes today are (a) 
PWSCC in the tube sheet and tight radius U-bend 
regions, (b) IGA and IGSCC on the secondary 
side of the tubes at the tube supports and for 
some plants in the tubesheet and free span 
regions, and (c) fretting, wear and thinning. 
Other corrosion degradation, such as wastage, 
pitting, and denting have occurred in many older 
steam generators, but these types of degradation 
have been avoided in most newer steam 
generators by changes in operating practices. 
Some of the older generators that were severely 
affected by wastage, pitting, or denting have 
been replaced, and improvements in operating 
practices have generally arrested these types of 
degradation at most other plants. However, 
significant attack by pitting is continuing at a 

, small number of plants. Other types of 
degradation, such as erosion-corrosion, corrosion 
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fatigue, and fatigue at U-bends have been 
observed, but these have affected very few plants 
and relatively few tubes. Two instances of a 
sudden rupture of a steam generator tube in the 
U-bend region from fatigue crack growth have 
occurred. Also, 6 of the 10 steam generator tube 
ruptures that have occurred to date have been in 
the U-bend region. 

6.7 Conditional Tube Rupture Probability 

The conditional probability of a steam generator 
tube(s) failing is a function of the aging 
degradation mechanisms and the extent of the 
degradation. The thermal-hydraulic conditions 
imposed on the tube are also important. The 
important parameters are: 

e 

e 

steam generator tube temperature, 
steam generator tube pressure differ- 
ential. 

These conditions are a function of the transient 
and/or accident. 

The accidents that can challenge the integrity of 
the steam generator tubes are the main steam line 
break, feedwater line break, and anticipated 
transients without scram initiators. The main 
steamline break initiator is composed of those 
initiators that result in loss of steam generator 
secondary side integrity. These items include 
failed secondary PORVs, turbine bypass valves, 
atmospheric dump valves, etc. This reduced set 
of initiating events was identified from reviewing 
a list of initiators that challenge both the primary 
and secondary side pressure integrity of the 
steam generators. 

The identification of the reduced set of steam 
generator tube rupture accident initiators was 
determined by an evaluation of a range of 
grouped initiators. This grouped review included 
initiators that: (a) result in a decrease in reactor 
coolant system inventory, (b) result in an 
increase in heat removal by the secondary 
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system, (c) result in a decrease in the heat 
removal by the secondary system, (d) result in a 
decrease in the reactor coolant system coolant's 
flow rate, and (e) result in a transient. A 
summary description of the grouped initiators is 
provided in Table 19. Table 19 also summarizes 
the expected initiating event frequency, standard 
deviation, and log-normal error factor. The peak 
primary-to-secondary pressure differential is also 
provided. This pressure differential is utilized to 
estimate the conditional tube rupture probability 
given the occurrence of the initiator. (Note: It 
may be desirable to reanalyze the peak 
overpressures found in Table 19 since the 
pressures are based on worst design basis 
accident analysis for a number of different plants. 
However, these pressures are adequate for the 
purpose of a preliminary screening analysis .) 

A review of Table 19 identified the events most 
likely to challenge the steam generator tubes 
(largest initiating event frequency and pressure 
differential). These events are associated with: 
(a) the loss of secondary side integrity, and (b) 
anticipated transients without SCRAM. The loss 
of secondary side integrity includes a main 
feedline break and main steamline break. 

6.7.1 Initiating Events 

The five groups of steam generator tube rupture 
accident initiators listed in Table 19 are each 
discussed in the following paragraphs. 

Decrease in Reactor Coolant System 
Inventory. These accident initiators are the loss 
of coolant accidents. The initiating event 
frequency review included inadvertent opening of 
a primary side PORV, along with the medium 
and large break loss of coolant accidents. The 
total initiating event frequency for this group is in 
the range of 7 x per year. The maximfim 
expected pressure drop across the generators is in 
the range of 9.7 MPa (1,400 psi). These 
accidents can be screened from further 
consideration since the pressure differential is not 
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excessive, the combined initiating event 
frequency is low, and the tubes are placed in 
compression. 

Increase in Heat Removal by the Secondary 
System. Three accident initiators were grouped 
into this category. These accidents include loss 
of feedwater control in one loop; inadvertent 
opening of a steam generator relief valve, turbine 
bypass valve, or atmospheric dump valve; and a 
rupture of the main steamline. The total 
frequency of events in this category is of the 
order of 0.1 per reactor year. The frequency is 
dominated by loss of feedwater control resulting 
in excessive feedwater. The inadvertent opening 
of an steam generator relief valve/atmospheric 
dump valve or turbine bypass valve along with 
rupture of a main steam line makeup the 
remainder of the contribution. The most 
significant pressure challenge to the steam 
generator tubes occurs from the later events with 
the lowest frequency. For the purposes of 
analysis the steam line break and inadvertent 
opening of a relief valve may be grouped as 
having similar system success and mitigation 
paths. 

Decrease in the Heat Removal by the 
Secondary System. This set of accident 
initiators contains five events. Only the break or 
rupture of the main feedwater line was identified 
as strongly challenging the Steam generator 
tubes. This event has a low frequency but 
provides the most significant pressure drop 
across the steam generator tubes. The remaining 
four events are (a) loss of offsite power, (b) 
turbine trip, (c) loss of power to the secondary 
heat removal system and (d) loss or reduction in 
normal feedwater flow. The frequency of these 
events is dominated by loss of feedwater flow 

' and turbine trips. 

Decrease in the Reactor Coolant System 
Coolant's Flow Rate. There is only one 
initiating event contained. in this group, the loss 
of flow in one reactor coolant system loop. It is 
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caused by complete loss of a reactor coolant 
pump. The frequency of occurrence was 
estimated to be 4.2E-2 per year of operation. 

Transients. This group contains only one event, 
a transient with subsequent failure of the reactor 
to scram. The event may result in substantial 
challenges to the steam generator tubes. The 
peak differential pressures may approach 17.2 
MPa (2,500 psi). 

6.7.2 Screening Analysis Methodology 

Analytical methods exist to quantify the 
frequency of occurrence of induced steam 
generator tube rupture. The frequency of 
induced failure of steam generator tubes can be 
expressed as a function of the conditional failure 
probability and the frequency of occurrence of 
the initiator. The conditional tube failure 
probability when multiplied by the accident 
initiating frequency determines the induced steam 
generator tube rupture frequency for each 
initiator. These contributors can then be ranked. 
The conditional failure probability is a function 
of steam generator tube degradation, and is the 
primary link relating the physical condition of the 
tubing to the plant system performance and 
ultimately risk. The screening techniques 
available to determine the conditional tube failure 
probability and thus the dominant induced steam 
generator tube rupture accident sequences are 
provided in the following section. 

Estimation of Conditional Steam Generator 
Tube Failure Probability. The frequency of 
experiencing an induced steam generator tube 
rupture is dependent upon several tube-condition 
and operational parameters. Two of the more 
important parameters in the tube-failure 
probability assessment process are: (1) the 
pressure retaining capacity of the tube at the time 
of the initiating event, and (2) the maximum 
expected differential pressure that will be placed 
on the tube. 
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The pressure retaining capacity of a steam 
generator tube depends on the tube type (e.g., 
tube diameter, material, wall thickness), and the 
degradation and wear of the tube. Initially, an 
average pristine tube will be able to withstand a 
differential pressure of about 60 to 70 MPa 
(9,000 to 10,000 psi). If the tube pressure 
capacity degrades to below the expected 
pressures ranges for various plant transients, the 
tube may rupture. Normal operational and minor 
transient tube differential pressures are expected 
to be approximately 9.7 MPa (1,400 psi). Major 
transient tube differential pressures may reach 
approximately 17.2 MPa (2,500 psi). 

The induced steam generator tube rupture 
frequency is determined by multiplying the 
initiator frequency by the conditional steam 
generator tube rupture probability. The 
frequency of tube rupture is found by: 

where 

= the frequency of tube rupture, 

= initiating event frequency, 

P(TR I IE) = conditional probability of a tube 
rupture given an initiating event, 
and 

Pi = probability of I number of tubes 
rupturing. 

There is much uncertainty in the determination of 
the conditional tube rupture frequency as a func- 
tion of pressure and tube condition. Previous 
analyses have utilized various assumed interpola- 
tion formula. These interpolation formula have 
yet to be fully verified with data and contain 
much uncertainty. The following paragraphs 
summarize the NUREG-0844 techniques and a 
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linear interpolation scheme, A methodology 
based on stresshtrain and crack propagation 
failure mechanisms is discussed in Section 6.7.5. 

NUREG-0844 Methodology. It was estimated in 
NUREG-0844 that the conditional tube rupture 
probability is approximately 0.027. This 
probability was based upon an estimated 
vulnerability time period for the steam generator 
tube rupture events that had occurred through 
mid-1986, and differential pressure of about 17.2 
to 17.9 MPa (2,500 to 2,600 psi). Further, a 
conservative estimate of the industry average 
induced tube rupture probability of 0.05 was 
used. Assuming that the tube rupture probability 
can be adequately modeled with a lognormal 
distribution, the resulting lognormal distribution 
(at 17.2 MPa or 2,500 psi) has a mean value of 
0.027 and a standard deviation of 0.012 [the 
error factor (EF) is equal ta 21. 

For initiator-caused overpressures lower than the 
17.2 MPa (2,500 psi) level, the tube rupture 
probability may be lower than the 0.027 value. 
It is assumed that the tube rupture pressure for 
normal differential pressures will be 
approximately zero ( - lo-" in this analysis). To 
determine the tube rupture probability as a 
function of steam generator differential pressure, 
some method of extrapolation had to be 
performed. NUREG-0844 gave the tube rupture 
probability as only distributed on pressure: 

AP.-AP [ AP; - API) 
PTRI = PTR(at high pressure) 

where: 

Conditional tube rupture 
probability for at least one tube 
during the i* initiator 

Conditional tube rupture 
probability for at least one tube 
during a high pressure initiator 

AP, = Peak tube differential pressure 
during the i'th initiator 

AP,, = Normal operating tube differ- 
ential pressure 

AP, = Maximum peak tube differential 
pressure during any initiator 

The distribution of the number of steam 
generator tubes ruptured also needed to be 
estimated. NURFiG-0844 gave the probability of 
two to ten tubes rupturing qs 0.5 and the 
probability of more than ten tubes rupturing as 
0.01. Consequently, the probability that only 
one tube ruptures is 0.49. These values are 
applicable for a differential pressure of about 
17.2 MPa (2,500 psi). 

Linear Interpolation. A second potential 
method for estimating the conditional probability 

' of a tube rupture is a linear fit of the tube rupture 
probability between the normal operational 
differential pressure and the maximum 
differential pressure. Using the NUREG-0844 
endpoint probabilities, the resulting equation for 
the linear fit is given by: 

P,, = 2 . 4 5 ~ 1 0 - ~ ( A P ~ )  - 3.44x10-2 

where: 

pTR2 - - Conditional tube rupture 
probability for at least one tube 
during the i'th initiator 

APi = Peak tube differential pressure 
during the i'th initiator. 

Figure 81 provides a comparison between the 
linear and quadratic conditional tube rupture 
probability interpolation methods. As can be 
seen in the figure, the linear interpolation method 
provides higher probabilities for the same 
differential pressure than does the NUREG-0844 
method. 
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Figure 81. Comparison of two different conditional tube rupture probability screening methods. 

6.7.3 Screening Computation of Induced 
Steam Generator Tube Rupkre Probabilities 

As presented earlier, the induced steam generator 
tube rupture frequency is determined by 
multiplying the initiating event frequency by the 
conditional steam generator tube-rupture 
probability. The frequency of tube rupture is 
found by: 

a,, = Ea,, * P(TR I IE) * pi 

The initiating event frequency information that 
has been developed is provided in Table 19 and 
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has been discussed. The induced steam generator 
tube failure frequencies provided in Table 21 are 
developed when the information in Table 19 is 
combined with the NUREG-0844 methodology. 
Table 21 provides a summary of the frequency of 
induced steam generator tube rupture. Note that 
these values should be considered screening 
values only, since they are not based on a 
mechanistic quantification of the impact of tube 
defects on the burst probability. However, the 
values identify the initiating events where a 
detailed evaluation of the impact of tube 
degradation on the potential for induced steam 
generator tube rupture is needed. A more 
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Tablc 21. Information for screening induced steam generator tube rupture. 

INITIATING EVENT IDENTIFIER 

Loss of normal feedwater 

Turbine generator trip 

Reactor cotilant system flow loss in one loop 

Alternrting eurrctit power loss secondary 

FREQUENCY OF RUPI'URING ITOR VARIOUS NURIBERS OF IZIIIES 

'I'OI'AI, TUBIS ItUI'lUItlC 
FREQUENCY 1 TUBE 2 TO 10 MORE TllAN 

TUllES 10 TUBES 

9.58-4 YSE-4 2.OE-5 1.98-3 

8.7E-4 8.78-4 1.88-5 1.813-3 - 

9.3E-s 9.38-5 2.18-6 I .%4 

2.4E-4 2.48-4 5.W-6 4.98-4 

Inadvertent opening of a secondary side 
safety relief valve 4.48-5 4.48-5 9.08-7 8.98-5 

Steam line nipture 6 .684  6.68-6 1.4E-7 1.3E-5 

Main feedwater line rupture 6.68-6 (5.68-6 I .48-7 1.3E-5 

2.8E-6 2.88-6 5.6E-8 5.71:-6 Rcdwater failure Uiat results in a flow 
increase in one loop 

Traiisient with failure to scram I , 8 8 4  1.884 3.68-8 3.61:-6 

Loss of offsiie power I .7E-6 I , 7 8 4  3.5E-8 3.4E-6 

Inadvertent opening of a I'ORV 3.68-7 3.68-7 7.48-9 7.3E-7 

h r g e  or nicdiuni loss of coolant accident 7.4E-8 7.48-8 1 SE-9  I .SE-7 
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mechanistic technique for identifying the impact 
of tube degradation is provided in Section 6.7.5. 

The screened sequences have been ranked in 
terms of their frequencies. Shown in Table 2 1 is 
the initiator identifier, the number of tubes 
ruptured, the frequency of rupturing "I" number 
of tubes, and the total calculated frequency of 
tube rupture for the various initiating events. 

' 

6.7.4 Identification and Selection of Dominant 
Induced Steam Generator Tube Rupture 
Accident Contributors 

The frequency values provided in Table 21 
provide a useful indicator of the important 
contributors to induced steam generator tube 
rupture. The induced steam generator tube 
rupture contributors can be grouped into high and 
low frequency contributors. The high frequency 
contributors are the normal plant operational 
failures that induce challenges to the steam 
generator tubes. The low frequency contributors 
are the postulated accidents that strongly 
challenge the integrity of the tubes. 

Induced Steam Generator Tube Rupture 
Contributors of the Order lom3. There are two 
contributors that induce steam generator tube 
ruptures in the range of 10" per reactor year. 
These contributors are the loss of feedwater flow 
and the trip of the turbine generator. Each of 
these initiators provide similar challenges to the 
steam generator tubes in terms of overpressure 
and have similar initiating event frequencies 
(- 1.5 per year). 

Induced Steam Generator Tube Rupture 
Contributors of the Order lo4. The 
contributors in this range are the loss of a reactor 
coolant pump and the loss of alternating current 
power to the secondary side. These initiators 
provide similar challenges to the steam generator 
tubes in terms of overpressure and have similar 
initiating event frequencies ( - 0.10 per year). 

Induced Steam Generator Tube Rupture 
Contributors of the Order There are a 
large number initiating events that contribute to 
induced steam generator cube rupture with a 
frequency in the range per year. The two 
dominant contributors are: (a) the inadvertent 
opening of a secondary side relief path, for 
example, an atmospheric dump valve, turbine 
bypass valve, PORV, steam generator relief 
valve, etc., and (b) reduction of feedwater in one 
loop with a corresponding increase in feedwater 
flow in another loop. The loss of feedwater 
initiator has a much higher frequency of 
occurrence that the inadvertent opening of a 
secondary side steam relief path. The pressure 
challenges to the generators are different, with 
the low frequency initiator causing a higher 
steam generator peak over pressure. The 
remainder of the initiators in this contribution 
range are: (a) loss of offsite power, (b) 
anticipated transients without scram, (c) 
feedwater line rupture, and (d) steam line break. 
Initiators (b) to (d) are accidents that can induce 
significant challenges to the steam generator 
tubes because of the high pressure drop across 
the tubes that occurs during these events. 

Induced Steam Generator Tube Rupture 
Contributors of the Order loa. This category 
consists of only two contributors. These two 
contributors are the inadvertent opening of a 
primary side PORV and other loss of coolant 
accidents. These scenarios result in reverse 
pressure differential across the steam generators. 

6.7.5 Mechanistic Induced Steam Generator 
Tube Rupture Frequency 

The conditional steam generator tube rupture 
probability can be estimated somewhat more 
mechanistically by using Monte-Carlo methods. 
The fragility (failure probability) of the steam 
generator tubes can be modeled as a function of 
a normal or log-normal probability distribution as 
follows : 
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p sg =I& pP .,)dP 

where: 

P, = probability of steam generator 

PI  - - steam generator differential 

Phil = median failure pressure of a 

tube failure, 

pressure, 

single steam generator tube. 

The function f is represented by the following 
normal distribution: 

1 
-$Pi - P f d  

where (J is the standard deviation of the tube's 

failure pressure. 

The function f may also be represented by a log- 
normal distribution. The Monte-Carlo method 
samples points over the parameter's uncertainty 
distribution to determine a mean failure 
probability as a function of a tube overpressure 
and defect size. A variance can also be 
calculated with each failure probability. 

The probability associated with a given number 
of failed steam generator tubes can be estimated 
from a binomial distribution. The probability of 
n tubes failing out of a total number N tubes with 
a given defect size is: 

N !  P$;( 1 -Psg)N-n 
Pfai,(n) = 

n !(N -n)! 

The probability that less than x tubes fail is given 
by : 

The defects need to be grouped and the failure 
probabilities of the groups integrated in order to 
apply the model to a steam generator with a tube 
defect size distribution. 

To estimate the conditional tube rupture 
probability, information concerning the median 
failure pressure of degraded tubes must be 
available. The ASME code (Section XI, 
Subsection IWB-3640 and Appendix C) and the 
experimental work of the Pacific Northwest 
Laboratories (PNL) provide useful correlations 
for this application. The ASME has developed 
and recommended equations for the effect of 
axial cracks on the burst pressure of tubes. The 
ASME and PNL model equations assume that the 
defect is independent of the tube material 
properties. Comparison of the applicable 
equations shows good agreement between the 
ASME code and the PNL experimental data 
correlations for Alloy 600 Steam generator tubes. 
The applicable experimental and analytical tube 
burst pressure correlations are described in the 
following sections. 

PNL Equations. The experimental work at the 
PNL in assessing the median failure pressure of 
steam generator tubes with various sized defects 
can be utilized to estimate the failure pressure 
associated for each degradation mechanism. 
PNL developed the following equations to 
represent the failure pressure of steam generator 
tubes as a function of the tube degradation 
mechanism (Kurtz et al. 1990): 

slots and cracks 

1 a a  -0.373L 
= 1 -- +(->exp( 

P f  t t  m 
uniform wall thinning 

-0.13L 1 -exp- 
- P -  -( 1 --) a dlwz 

t P f  The binomial distribution only applies to 
components with the same failure probability. 
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elliptical wastage 
a 0.604 --(1--) P -  
t Pf 

where: 

P/Pf = ratio of defected to undefected 
burst pressure, 

a = defect depth, 
t - - wall thickness, 
R - - inner radius of tube, 
L = defect length. 

These equations were developed for normal 
operating temperature conditions. 

ASME Analytical Expressions. The ASME has 
an analytical expression that is useful in assessing 
the likelihood that an axial crack will burst 
(ASME 1992). The ASME code recommends 
the following equation for assessing the burst 
pressure that is associated with axial cracks in the 
steam generator tube walls. 

The ASME code's axial crack equation is valid 
for cracks not exceeding 75% of the tube's wall 
thickness. The ASME equation is also only 
applicable for cracks with a length less than a 
critical length determined from the solution of 

P R  - 3sm 
f m  

ASME Section XI subsection IWB-3514.3 should 
be used to calculate the burst pressure if the 
tube's flaw length are greater than this critical 
value. 

Material Properties Effects. Variations in 
material properties between tubes subjected to 
different fabrication processes is an important 
factor in determining burst pressures. Steam 
generator tubes fail by an elastic-plastic fracture 
process. The burst pressure of tubes with 
different material properties can be obtained by 
normalizing the results to the flow stress of the 
material. The flow stress corresponds to a value 
between the yield strength S ,  and ultimate tensile 
stress S,  of the material. For Alloy 600 tubes, 
the flow stress given by: 

a m  
where m is given by: 

1 s =-[S 'S,] 
m 2 Y  

m=\1 1+1.61- L 2  
4Rt  

R is the tube radius, AP is the differential 
pressure across the tube, and the other 
parameters in the above equations are: S,- 
design flow stress limitation; in this case the flow 
stress at bursting, and SF - safety factor; taken to 
be 1 in this analysis. The above equation is 
roughly equivalent to the PNL slots and crack 
equation. However, the ASME equation shows 
a more rapid decline in the pressure capacity of 
deep cracks as the crack length becomes large 
when compared to the corresponding PNL 
equation. Both equations provide roughly the 
same asymptotic burst pressure as the crack 
length becomes large. 

has been widely used. Other Alloy 600 flow 
stress equations have been developed, as well. 

Steam Generator Tube Burst Pressure 
Correlation Standard Deviations. Uncertainty 
exists in the burst pressure correlations. This 
uncertainty is associated with the data scatter; the 
uncertainty in the model to mean burst pressures; 
uncertainty in the undefected burst pressure, and 
uncertainty in the estimated steam generator tube 
pressure differential. 

The data scatter between the mean burst pressure 
and the data drives the quantification of the tube 
rupture probability. The standard deviation 
associated with this scatter can be used in a 
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normal or log-normal distribution to estimate the 
conditional failure probability. Typically, if 
about 95% of the data are within 20% of the 
mean, the standard deviation is about 10% of the 
data scatter. 

The data from the PNL experiments suggest that 
the burst pressure standard deviation is a few 
percent of the burst pressure. A maximum of 
5% was noted from the experiments. The PNL 
correlations tended to reproduce the data within 
10 to 15%. This uncertainty may be 
incorporated into the Monte-Carlo analyses by 
uniform sampling over the estimated model and 
data's variance. Figure 82 was constructed to 
demonstrate the impact of a long axial crack on 
the probability of tube failure. This figure was 
constructed from the above listed PNL slot and 
cracks equation for demonstration and screening 
purposes. Separate calculations based on best 
estimate burst pressure standard deviations 
should be used for actual assessment purposes. 
Also, the calculations should assess the 
uncertainty in the empirical correlations and 
determine a standard deviation. 

Temperature Dependent Steam Generator 
Burst Correlation. Severe accidents can pose 
high temperature challenges to the steam 
generator tubes. These accidents may increase 
the steam generator tubing temperatures into the 
range of 800 to 9OOK. These accidents pose high 
pressure and temperature conditions that may 
increase the frequency of tube rupture when the 
steam generator tubes have degraded. 

The flow stress of a material can be used to 
evaluate the tube burst pressure as a function of 
temperature. Alloy 600 yield and ultimate tensile 
stresses as a function of temperature have been 
developed for the temperature range from 300 to 
1373K. This data can be used to evaluate the 
effect of material properties on the tube's burst 
pressure from: 
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6.7.6 Typical Values for the Induced Steam 
Generator Tube Rupture Containment Bypass 
Frequencies 

The frequency of induced steam generator tube 
rupture, can be determined by combining the 
conditional tube rupture probabilities with the 
core damage initiating event frequency values 
obtained from the probabilistic risk assessments. 
Figure 83 provides a summary of typical results 
obtained by this combination. This figure was 
constructed for a steam generator that contains a 
single degraded tube with the axial crack lengths 
shown. As the figure and the PNL data indicate, 
long axial cracks show an asymptotic behavior in 
the burst pressure probability. Shorter steam 
generator tube crack lengths will significantly 
shift the curves toward lower tube failure 
frequencies. (Note that this figure is for 
demonstration purposes only, and should not be 
used as typical of a specific facility.) 

Figure 83 is a demonstration plot of the 
frequency of induced steam generator tube 
rupture with core damage resulting from three 
different initiating events for a steam generator 
with a single degraded steam generator tube. 
(Note: The figure does not consider a steam 
generator with a distribution of flaws and thus 
should not be viewed as representative of the risk 
of induced steam generator tube rupture.) The 
figure's initiating events are: (a) turbine trip with 
a stuck open atmospheric dump valve; 0) a main 
steam line break induced steam generator tube 
rupture; and (c) a station blackout with a stuck 
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This extrapolation is thought to be valid since the 
impact of axial wall cracks is not impacted by the 
materials properties (ASME 1992). However, 
experiments should be performed to evaluate the 
analytical predictions of the impact of tube 
temperature on the burst pressure of defected 
tubes. 
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Figure 82. Estimated steam generator tube failure probability as a function of pressure and crack depth. 
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Figure 83. Demonstration of induced steam generator tube rupture frequency for a single defective tube. 
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open atmospheric dump valve. The station 
blackout event dominates the tube failure 
frequency at low crack depths and the turbine trip 
with a failed open atmospheric dump valve 
dominates at the larger crack depths. The tube 
failure frequency of these three events have been 
summed to produce Figure 83. This figure 
indicates that as the steam generator tubes 
degrade the frequency of induced steam 
generator tube rupture may increase rapidly. 

The temperature of the steam generator tubes 
also has a strong impact on the tube failure 
probability. The steam generator temperatures 
during a severe accident are controlled by the 
natural circulation counter current flows in the 
hot leg and the mixing in the lower plenum of the 
steam generator. A description of the natural 
circulation flows and the factors affecting these 
flows is provided in Section 6.8. 

6.8 Reactor Coolant System Natural 
Circulation 

As stated earlier, severe accident analyses have 
historically assumed pristine steam generator tube 
conditions, the existence of a loop seal in the cold 
leg, and good mixing of the counter-current hot 
leg flow in the inlet plenum of the steam 
generator. This section provides an overview of 
the severe accident natural circulation flows that 
may induce steam generator tube rupture. 

6.8.1 Importance of Natural Circulation 
Flows 

The significance of natural circulation flow is that 
it transfers energy from the core to other regions 
of the reactor coolant system. This energy 
transfer both slows the core heatup, delaying fuel 
damage, and increases the temperature of 
structures elsewhere in the reactor coolant system 
(upper plenum, hot leg and surge line piping, 
steam generator tubes, etc.) so that they may get 
hot enough to melt or fail. The slower core 
heatup provides additional time for system 
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recovery or operator actions, either of which 
could terminate the transient by returning the 
core to a water covered, cooled state. 

A reactor coolant system pressure boundary 
breach results if the piping gets hot enough to 
fail, either through melting or creep rupture. 
This failure allows the reactor coolant system to 

containment bypass path is established if the 
failure location is the steam generator tubes. In 
this case, fission products released from the fuel 
can flow through the failed tubes to the 
secondary side of the steam generator, and from 
there through atmospheric dump valves or 
secondary side safety relief valves to the 
environment , bypassing the containment. This 
sequence of events is very risk significant to the 
surrounding population. 

depressurize into the containment. A 

PWRs with U-tube steam generators will have 
vigorous hot leg natural circulation. The 
Babcock & Wilcox "candy cane" hot leg and 
once-through steam generator design does not 
allow the steam generators to participate as 
significant heat sinks unless the loop seals clear 
of liquid. The countercurrent hot leg flow is 
driven only by heat transfer to the hot leg piping. 
The piping has a very small heat transfer surface 
area and heat capacity compared to the steam 
generators. 

Mixing in a recirculating steam generator plenum 
is a controlling phenomenon for the hot leg 
natural circulation flow. It limits the mass flow 
in the hot leg by increasing the temperature (and 
lowering the density) of the vapor returning from 
the steam generator along the bottom of the hot 
leg. It limits the heat transfer in the steam 
generator by reducing the temperature of the hot 
vapor entering the tubes. 

A simulation of the hot leg flow behavior, 
neglecting the mixing in the steam generator inlet 
plenum, will yield steam generator tube 
temperatures and hot leg mass flow rates that are 
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higher than would be expected. Hot leg 
countercurrent flow affects the structural integrity 
of the reactor coolant system piping. Heating of 
the pipes and steam generator tubes may lead to 
melting or creep rupture failure of those 
components. Steam generator tubes are very thin 
compared to the loop or surge line piping, and 
can be quickly heated if exposed to high 
temperature vapor. Should the tubes fail, a 
direct path outside of containment (through the 
steam line relief valves) becomes available to any 
fission products carried in the coolant. 

6.8.2 Hot Leg Countercurrent Flow in 
Recirculating Steam Generators 

The natural circulation flow pattern during a 
severe accident at a plant with U-tube steam 
generators consists of hot leg counter-current 
flows between the reactor pressure vessel and the 
inlet plenums of the steam generators. Mixing of 
the counter-current flow steams occurs in the 
inlet plenums of the steam generators. However, 
there are uncertainties in the amount and extent 
of mixing when experimental data are scaled 
from small scale experiments to the full scale of 
the steam generator inlet plenum. Also, the case 
of no-mixing in the inlet plenum is not expected 
to occur but has been used in the past to asses 
worst case severe accident steam generator tube 
boundary conditions. Counter 'current flow mix- 
ing occurs when the cooler vapor flows back to 
the reactor vessel along the bottom of the hot 
legs. When the hotter vaEor enters the steam 
generator inlet plenum, it will mix and cool and 
then rise toward the steam generator tubes. The 
mixed vapor enters some of the tubes, displacing 
the cooler steam that was in the tubes. The 
displaced vapor enters the outlet plenum, then 
reenters other steam generator tubes, forcing 
vapor into the inlet plenum. A density gradient 
is thus established between tubes. This density 
gradient then pulls more mixed vapor into the 
tubes, displacing additional cooler steam. The 
process continues until a steady flow is establish- 

ed, with mixed vapor flowing from the inlet 
plenum to the outlet plenum through some of the 
steam generator tubes, and cooler vapor 
returning to the inlet plenum through the 
remaining tubes. 

The hot (T,,) and cold (T,) fluid temperatures at 
three locations will be examined considering the 
flow streams shown in Figure 84. These flow 
streams are: (1) the hot leg nozzle, (2) the steam 
generator end of the hot leg, and (3) the inlet to 
the steam generator tubes. At each of the 
locations, the hotter fluid flows from the reactor 
vessel toward the steam generator outlet plenum, 
and the colder fluid flows toward the reactor 
vessel. 

The hot vapor entering the hot leg from the 
reactor vessel flows toward the steam generator 
along the top of the pipe. As it flows, heat is 
transferred to both the hot leg piping and the 
returning cooler fluid streams. There may also 
be some mass transfer between the two fluid 
streams. The result is that Th,, > Th,2. As the 
flow enters the steam generator inlet plenum, it 
mixes with the fluid in the plenum and with the 
cold flow exiting from some of the steam 
generator tubes. The mixing reduces the temper- 
ature of the steam entering the steam generator 
tubes, and Th,3 < Th.2. Heat is transferred to the 
tubes as the steam flows through the steam 
generators. When the flow returns to the inlet 
plenum, it mixes with the hot leg flow. This 
mixing raises the temperature of the steam 
returning through the hot leg, so that Tc,2 > T c,3. 

As the flow proceeds along the bottom of the hot 
leg to the reactor vessel, heat transfers from the 
hotter fluid above into this cooler steam, and 
from this cooler steam to the hot leg pipe. 
Whether these energy transfers result in a net 
heating or cooling of the return flow has not been 
quantified, but the vapor temperature will 
probably not change significantly along the 
bottom of the hot leg. Assuming a steady flow, 
the total energy transfer in the coolant loop is the 
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Figure 84. Hot leg natural circulation stream flows. 

product of the hot leg mass flow rate, the average 
heat capacity of the flowing vapor, and the 
temperature difference between the opposing 
flows at the hot leg nozzle. The analyses 
associated with the Westinghouse natural 
circulation experiments showed that the hot leg 
mass flow rate is a function of geometric 
parameters, the fluid density, and the square root 
of the temperature difference (T,,, -TJ. Thus, 
the heat transferred by the hot leg natural 
circulation flow depends on the temperature 
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difference at the nozzle, and interactions that tend 
to increase the cooler vapor temperature will 
reduce the flow rate and the heat transfer. Both 
the mixing in the steam generator inlet plenum 
and heat transfer from the hotter vapor above act 
to increase the temperature of the returning 
vapor. 

Similarly, the heat transfer in the steam generator 
tubes is the product of the mass flow rate through 
the tubes, the average vapor heat capacity, and 
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the temperature difference (Th,3 - Tc,3). The heat 
transfer in the tubes will be affected by 
interactions that alter either of these 
temperatures. Again, the mixing in the inlet 
plenum tends to reduce Th,3, thereby limiting the 
heat transfer in the steam generators. 

Now consider the case in which there is no 
mixing in the steam generator inlet plenum. The 
hot vapor temperatures in the hot leg will change 
little; a lower temperature in the cooler vapor (in 
the bottom of the hot leg) will increase the 
amount of heat transferred between the opposing 
flow streams slightly. However, T,,3 = T h.2. 

The higher temperature fluid entering the steam 
generator tubes will result in increased heat 
transfer to the tubes. The absence of mixing also 
means that Tc,2 = Tc,3, so that the flow returning 
through the hot leg is colder. I Since the flow is 
driven by the temperature difference between the 
hot and cold fluid streams in the, hot leg, the mass 
flow will increase. The higher mass flow rate 
will increase the heat transfer in the loop, 
slowing the core heatup. The higher steam 
generator tube temperatures will also change the 
relative energy deposition between the hot leg 
and the tubes, with more energy being trans- 
ferred to the tubes. 

Fission product behavior may also be affected by 
the flow to the steam generators. An extremely 
large surface area is available on the steam 
generator tubes for deposition of fission products. 
If the tubes remain cool, deposited species may 
remain there and not be released from the reactor 
coolant system. If the tubes continue to heat up 
so that revolatilization occurs, the flow may 
simply carry the resuspended fission products to 
cooler parts of the tubes, where they would again 
be deposited. The mixing in the steam generator 
inlet plenum may also play a part in the fission 
product behavior. If gaseous fission products are 
carried with the hot vapor along the top of the 
pipe, the sudden cooling associated with 

vapors, either on existing aerosols or as newly 
generated aerosols. In liquid form, these fission 
products would be deposited more quickly, and 
probably in the inlet plenum rather than in the 
tubes. The countercurrent flow in the hot leg 
itself may also affect the fission product 
transport. If gravitational settling is an important 
mechanism for fission product deposition in the 
hot leg, fission products falling from the flow 
that is heading toward the steam generators 
would enter the return vapor stream, where they 
would be carried back toward the reactor vessel, 
rather than away from it. This phenomenon is 
beyond the capability of current analytical 
methods, which are for one-dimensional flows. 
However, the magnitude of the effect should be 
calculable for a given analysis since the amount 
of deposition caused by gravitational settling 
should be known from fission product transport 
calculations. 

The impact of fission product heating on the hot 
leg counter current flow is expected to be 
minimal. , An NRC Office of Research assess- 
menta has indicated less than 1 % of the total heat 
added to the steam generators during a station 
blackout accident is contributed by the fission 
products. 

6.8.3 Coolant Loop Flow 

Should the loop seals clear of liquid during a 
transient with the reactor coolant pumps off and 
the steam generators removing heat from the 
reactor coolant system, ' loop natural circulation 
would be reestablished. (Note: This requires the 
vessel coolant level to be below the downcomer 
skirt. Normally this does not occur until after 
failure of the hot leg or surge line piping. Only in 
some unusual cases does this coolant loop flow 
occur.) In contrast to the natural circulation that 
occurs following the reactor coolant pump 

interaction with the cooler fluid in the inlet 
plenum may result in the condensation of the a. Memorandum to R. C. Jones from C. E. Ader, 

February 2, 1996 
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coastdown early in a transient, the fluid flowing 
through the coolant loops would now be 
superheated vapor. Loop natural circulation flow 
is a buoyancy-driven one-dimensional flow with 
heat addition in the core and heat rejection 
primarily in the steam generators. However, in 
this situation heat would be transferred to the 
piping throughout the coolant loops. Because of 
the resulting large vapor density differences and 
the height of the steam generators, this flow is 
generally large enough that it disrupts any 
multidimensional natural circulation flows that 
might exist in the hot leg or reactor vessel. 

The high flow rate and large amount of metal 
structures available as heat sinks result in a much 
slower core heatup. The slower heatup rate could 
result in complete oxidation of the cladding 
before any of the zircaloy melts. Fuel rod 
relocation would be delayed for several hours. 
Failure of the piping anywhere in the reactor 
coolant system is possible, although the steam 
generator tubes would be particularly susceptible 
because they are much thinner than the hot or 
cold leg piping. Heating of all the piping will also 
tend to reduce the extent of fission product 
retention in the reactor coolant system. 

6.8.4 Description of Scenarios Leading to 
Natural Circulation 

Natural circulation does not play an important 
role in all severe accidents. Those accidents in 
which natural circulation is significant have 
several characteristics in common. Typically 
these characteristics are: 

a The reactor coolant pumps cannot be 
running, since forced ,flow through the 
reactor coolant system precludes the 
existence of natural circulation flows, 

a there should be no pumped emergency 
core coolant injection, and 

a there should be no large breaks in the 
system. 

There are two severe accident transients that 
result in significant natural circulation flows, 
designated the TMLB' and S2D sequences. 

The TMLB' station blackout sequence has 
traditionally been used in severe accident natural 
circulation studies. The steam generators receive 
no' feedwater , there is no ac power available for 
the duration of the accident, and the core 
undergoes a high-pressure boil-off with relief 
valves cycling. If reactor coolant pump seal 
leaks are considered, the reactor coolant system 
pressure will depend on the size of the leak. The 
pressure may still be controlled by the relief 
valves, or it may approach and fall below the 
accumulator pressure. 

The S2D sequence is a small break loss of 
coolant accident with no high-pressure coolant 
injection. This transient will result in a core boil- 
off somewhere above the accumulator pressure, 
with the reactor coolant system pressure 
depending on the size of the break. 

6.9 Summary 

A risk measure used in assessing the safety of 
nuclear facilities is given by the product of the 
core damage frequency multiplied by the offsite 
consequences. This risk measure produces a 
frequency of offsite early and latent fatalities due 
to the accident. Three important contributions 
make up the risk profile of an operating nuclear 
plant. These three contributions are: 

the core damage frequency, 

the conditional probability of contain- 
ment bypass given a core melt accident, 
and 
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the accident's environmental conse- 
quences. 

A nuclear facility's risk measures are generally 
dominated by accident sequences that result in 
containment bypass. A steam generator tube 
rupture event is typically a high total contributor 
to the containment bypass frequency 

I 

Based on the information in this section, we 
conclude that i 

steam generator tube degradation needs 
to be controlled to prevent a significant 
increase in the risk profile of a pres- 
surized water reactor, 
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steam generator tube ruptures are small 
contributors to the total core damage 
frequency but may be risk significant due 
to containment bypass effects, 

risk significant steam generator tube 
rupture accidents can be induced by 
operational transients (high frequency) 
and rare events (low frequency) when the 
steam generator tubes are degraded be- 
yond a threshold amount, and 

both spontaneous and induced steam 
generator tube rupture core damage 
events are risk significant due to the 
potential to bypass the reactor contain- 
ment building. 
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7. REGULATORY PRACTICES AND FITNESS-FOR-SERVICE 
GUIDELINES IN VARIOUS COUNTRIES 

7.1 Tubing Inspection Requirements countries ,have more or less of both compared to 
I other countries. 

The probability of steam generator tube failures 
can be reduced through timely and effective 
inspections. The steam generator tube inspection 
requirements in the U.S. are discussed first 
because a number of countries with PWR and 
CANDU units have used those requirements as a 
starting point for their own requirements. The 
tubing inspection practices in the Czech 
Republic, France, Germany, Japan, Slovenia, 
Spain, Sweden, and Switzerland are summarized 
in Table 22 and also discussed in this section. 
The tubing inspection practices used in Russia 
and those recommended by EPRI are also 
discussed. 

The frequency and extent of the 
inspections often increase as problems 
develop. 

Some countries are willing to accept 
more risk than other countries. 

Complementary information concerning the fit- 
ness-for-service guidelines in various countries is 
presented in Section 7.3. 

7.1.1 Tubing Inspection Requirements in the 
United States 

The tubing inspection requirements are somewhat 
different in these and other countries because: 

Different steam generator designs and 
materials and specific plant sites are 
susceptible to different types of aging 
degradation. Some types of degradation 
are easier to detect or have less severe 
safety consequences than other types of 
degradation. 

An appropriate level or steam generator 
and plant safety can only be maintained 
by a suitable combination of inspection 
and acceptance (fitness-for-service) 
requirements. Some countries have 
chosen to have somewhat more 
conservative fitness-for-service criteria 
and less inspection. Other countries 
have chosen less conservative fitness-for- 
service criteria (thereby saving money on 
repairs) and more inspection. Some 

The requirements for the steam generator tubing 
inspections at US plants are included in the plant 
Technical Specifications, which are prepared by 
the plant operator and approved by the USNRC. 
Originally, those requirements generally followed 
the guidelines presented in the USNRC's 
Regulatory Guide 1.83 (USNRC 1975). These 
guidelines are organized as follows; access, 
equipment and procedures, baseline inspection, 
sample selection, supplementary sampling, 
inspection intervals, acceptance limits, and 
corrective measures. In summary, the steam 
generator should be designed with sufficient 
access to facilitate inspection and plugging, eddy- 
current or equivalent equipment that is "sensitive 
enough to detect imperfections 20% or more 
through the tube wall" should be used 
(unfortunately, reliable detection of certain defect 
types at such a shallow depth is not within the 
state of the art), and a baseline inspection of all 
tubes should be performed prior to service, and 
after any major secondary side water chemistry 
changes. 
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Table 22. Steam generator tubing insDection guidelines. 
Y 

Number of Tubes to be Inspected Baseline Inspection Inspection Intervals 

First inspection, 6-24 months 
Subsequent inspections, 12-24 months 
If less than 5 %  of inspected tubes with 
indications and no defective tubes, 40 
months 

9 If more than 10% degraded or more than 
1 % defective, <20 months. 

*United States AI1 tubes prior to service and 
after any major change in 
secondary water chemistry. 

0 First inspection, 3 % of the total steam 

Subsequent inspections, see Table 23 
generator tubes at a unit 

Czech Republic All tubes prior to service. At least 10% of the tubes in each steam 
generator must be inspected full length 
Usually inspect all the tubes from the hot 
collector and 50% of the tubes from the cold 
collector 

Every 4 years 
Every 4 years 

France All tubes prior to service 
All tubes every 10 years (1st 
after 30 month.?.) 

If susceptible tubing: all of the tubes are 
inspected in the hot leg roll transition, tube 
support plate and sludge pile regions, and the 
U-bend region of the first row in service, 
with an appropriate probe. 
If less susceptible tubing: Sample of tubes 
inspected full length 
All tubes inservice with a previous defect 
indication 

Every outage for roll transition and small 

Every other outage for TSP and sludge pile 
radius U-bend regions 

regions 

Sample every 2 years 

Each outage 

10% of the tubes per steam generator per 
inspection 

Germany All tubes prior to service Every 4 years all steam generators 
Every 2 years, one-half of the steam 
generators 

All tubes prior to service 
Insertion depth of antivibration 
bars 

If no leakage and no defects, every other 

If leakage or defects, every year 
year 

Japan If no leakage and no defects: 30% 
If any leakage or defects: 100% 

Slovenia All tubes prior to service 100% using bobbin coil and all reported 
indications, roll transitions and inner bends 
with pancake coil 

Each refueling outage 

Spain Each refueling outage All tubes prior to service If susceptible tubing: 100% using bobbin coil 
and all indications and roll transition regions 
with rotating pancake coil 
If less susceptible tubing: 9 to 20% 

Random sample of 1517% full length 
100% hot leg tubesheet 

9 20-100% of other selected regions 

Sweden All tubes prior to service Each year 

Switzerland All tubes after 1 year of 
operation 

If susceptible tubing: 
- inspect the hot leg side up through the U- 

bend region to the top tube support plate 
on the cold side 

- full inspection 

5.5% of all tubes 
- If less susceptible tubing: random sample of 

Every outage 

Every 3 years 
9 Eveiy 3 years 

*If more than 10% of inspected tubes show indications, additional 3% in that steam generator and 3% in remaining steam generators. If more than 10% of second batch 
show indications, inspect additional 6% in area of indications. 
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Regulatory Guide 1.83 recommends that at least 
3% of the tubes in each steam generator be tested 
over their entire length during the first 
inspection, which should be performed after six 
effective full power months but before 24 
calendar months. Subsequent inspections should 
not be less than 12 or more than 24 calendar 
months apart and may be limited to one steam 
generator encompassing 3 % of the total tubes at 
the plant. All nonplugged tubes with previous 
indications ( > 20%) should be inspected. If any 
new indications are found ( > 20%) or if previous 
indications exhibit growth (> 10%) the remaining 
steam generators should be inspected. 

If more than 10% of the inspected tubes show 
indications ( > 20%) or one or more tubes must 
be plugged (>40%), an additional 3% of the 
tubes must be inspected. If the additional 
inspection indicates that more than 10% of the 
additionally inspected tubes have indications or 
one or more of those tubes must be plugged, 6% 
'more tubes should be inspected in each steam 
generator. If two consecutive inspections result 
in less than 10% of the inspected tubes with 
indications ( > 20 %) and no further penetration of 
previous indications (< lo%), the inspection 
frequency should be extended to 40-month 
intervals. Unscheduled inspections should be 
conducted in the event of primary-to-secondary 
coolant system leaks exceeding the technical 
specifications or various design basis accidents 
(seismic, loss-of-coolant, main steam or 
feedwater line breaks). 

Regulatory Guide 1.83 was used as the basis for 
the steam generator inspection requirements in 
the Technical Specifications for only a few years. 
By the early 1980s, the US utilities were 
following the steam generator tube sample 
selection guidance in Table 23 (USNRC 1981, 
Southern California Edison Co . 1982, Northern 
States Power Co. 1985, Georgia Power Co. 
1987, Commonwealth Edison Co. 1987). The 
tubes selected for each inservice inspection 
include at least 3% of the total number of tubes 

in all the steam generators at a unit and are 
selected randomly except: 

a. where experience in similar plants with 
similar water chemistry indicates critical 
areas to be inspected, then at least 50% 
of the tubes inspected shall be from these 
critical areas; and 

b. the first sample of tubes selected for each 
inservice inspection of each steam 
generator generally includes all the tubes 
in service with previous indications 
greater than 20% of the wall thickness; 
tubes in areas where experience has 
indicated potential problems; and tubes 
adjacent to badly degraded tubes. 

The results of each sample inspection are 
classified into one of the following three 
categories: 

Category 

c- 1 

c-2 

c-3 

InsDection Results 

Less than 5% of the total tubes 
inspected are degraded tubes and 
none of the inspected tubes are 
defective. 

One or more tubes, but not more 
than 1 %  of the total tubes 
inspected are defective, or 
between 5 % and 10% of the total 
tubes inspected are degraded 
tubes. 

More than 10 % of the total tubes 
inspected are degraded tubes or 
more than 1% of the inspected 
tubes are defective. 

Degraded tubes are tubes with indications greater 
than or equal to 20% of the nominal wall 
thickness, but less than a defective tube, and 
which exhibit a defect with a greater than 10% 
additional wall thickness penetration since the last 
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Tnblc 23. Steam generator tube inspection requirements in the United States. 
1ST SAMPLE INSPECTION 3RD SAMPLE INSPECTION 2ND SAMPLE INSI'EC'I'ION 

Resul t Result Action Required 

N.A. N.A. 

Act ion Reqtr i red S;umple Size Ilesul t 

A miniriiuni of 
S Tubes per 
S.G. 

N.A. c- 1 

c -2  

None 

Plug or sleeve defective tubes and 
inspect adtlitional 2s tuhcs i n  this 
steam generator (S.G.) 

None N.A. I N.A. c- 1 

c -2  Plug or sleeve defective tubes iual 
inspect atltlitional 4s tubes i n  this 
S.G. 

c-1 None 

C-2 Plug or sleeve defective tubes 

Perform action for C-3 result of 
first sample 

c-3 Pzrfnrni action for C-3 result of 
first sample 

Inspect ;dl tubes in this S.G., plug 
or sleeve defective tubes and 
inspect 2s tubes in each other S.G. 

Notifiration to NRC pursuant to 
150.72(b)(2) of 10 CFR Part 50. 

All other 
S.G.s are 
c-1 

None N.A. N.A. c-3 

Some S.G.s 
E-2 but no 
additional 
S.G.s are 
c-3 

Perform action for C-2 result of 
second sample. 

N.A. N.A. 

Additional 
S.G. is C-3 

Inspect all tubes in each S.G. iind 
plug or sleeve defective tubes. 
Notification to NRC pursuant to 
q50.72(1))[2) of 10 CFR Part 50. 

N.A. N.A. 

S = 3NlnX where N is tlie number of steam generators in tlie unit, and ti is the number of steam generators inspected (luring an inspection. 
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inspection. Defective tubes are tubes with 
indications greater than or equal to the removal 
from service (plugging) or repair limit which is 
often but not always 40% of the nominal wall 
thickness. 

The first sample inspection defined in Table 22 
requires a full end-to-end survey of each of the 
tubes. The tubes selected as the second and third 
samples (if required) during each inservice 
inspection may be subjected to a partial tube 
inspection provided: 

a. 

b. 

the tubes selected for these samples 
include the tubes from those areas of the 
tubesheet array where the tubes with 
imperfections were previously found; 
and 

the inspections include those portions of 
the tubes where imperfections were 
previously found. 

The inservice inspections shall be performed at 
intervals of not less than 12 nor more than 24 
calendar months after the previous inspection. If 
two consecutive inspections, not including the 
pre-service inspection, result in all inspection 
results falling into the C-1 category or if two 
consecutive inspections demonstrate that pre- 
viously observed degradation has not continued 
and no additional degradation has occurred, the 
inspection interval may be extended to a 
maximum of once per 40 months. If the results 
of the inservice inspection of a steam generator 
conducted in accordance with Table 22 at 40- 
month intervals fall in Category C-3, the 
inspection frequency shall be increased to at least 
once per 20 months. Additional, unscheduled 
inservice inspections shall be performed after the 
following conditions: reactor-to-secondary tube 
leaks (not including leaks originating from tube- 
to-tubesheet welds) in excess of the limits of the 
Technical Specifications; or a seismic occurrence 
greater than the Operating Basis Earthquake; or 
a condition IV loss-of-coolant accident requiring 

actuation of the engineered safety features; or a 
condition IV main steam line or feedwater line 
break. 

Two steam generators are inspected during the 
first outage at units with four steam generators 
(4-loop Westinghouse-type plants) and then one 
steam generator is inspected during the second 
and subsequent outages, unless additional 
inspections are required because of extensive 
degradation as indicated in Table 23. Only one 
steam generator is inspected during the first and 
subsequent outages at 2- and 3-loop 
Westinghouse-type plants and at Combustion 
Engineering plants unless additional inspections 
are required because of extensive degradation as 
indicated in Table 23. 

If alternative fitness-for-service guidelines for 
ODSCC at tube support plates are used, more 
comprehensive inspections must be required by 
the plant Technical Specifications (USNRC 
1995b). These include bobbin coil probe inspec- 
tions of all the hot-leg tube support plate 
intersections, all the cold-leg intersections down 
to the lowest cold-leg tube support plate with 
known ODSCC, and 20% of the tubes full 
length. In addition, rotating pancake coil 
inspections are required for all bobbin coil 
indications greater than 1 .O volt (19mm diameter 
tubes) or 2.0 volts (22mm diameter tubes). Also, 
rotating pancake coil inspections are required at 
all tube-to-tube support plate intersections with 
(a) interfering signals from copper deposits, (b) 
dent signals greater than 5 volts, or (c) large 
mixed residuals. 

7.1.2 Tubing Inspection Requirements in the 
Czech Republic 

The Czech regulatory agency requires a baseline 
inspection before operation and then a minimum 
of 10% of the tubes in each steam generator 
inspected full length every four years. (Each of 
the six steam generators at each VVER-440 unit 
are inspected every four years.) However, 
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recent practice has been to inspect all of the tubes 
from the hot collector side and 50% of the tubes 
from the cold collector side. 

7.1.3 Tubing Inspection Requirements in 
France 

The French regulatory agency requires a baseline 
inspection before operation, periodic inspections 
at least every two years, and complete 
inspections (presumably 100% of the tubes full 
length) every ten years. The EdF guidelines for 
steam generators with susceptible tubing (Alloy 
600) require a 100% inspection of the hot leg roll 
transition region and the U-bends of the first row 
in service every outage and 100% inspections of 
the hot leg tube support plate and sludge pile 
regions every other outage, with follow-up 
inspections of indications during the next outage. 
The roll transition and small radius U-bend 
inspections must be done with rotating pancake 
coil eddy-current equipment. The tube support 
plate and sludge pile inspections can be done with 
bobbin coil eddy-current equipment. 

7.1.4 Tubing Inspection Requirements in 
Germany 

The scope and frequency of the steam generator 
tubing inspections in the Federal Republic of 
Germany are specified in KTA 3201.4. 10% of 
the tubes in each steam generator must be fully 
inspected every four years and half the steam 
generators must be inspected every two years. 
However, the actual inspections have been more 
frequent and some SiemensIKWU steam 
generators have been inspected every operating 
period over much of their life. 

7.1.5 Tubing Inspection Requirements in 
Japan 

The Japanese require that 30% of the tubes be 
inspected every other year when a steam 
generator has had no leakage and no tube 
degradation. If any primary-to-secondary coolant 
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system leakage or any tube defects are detected, 
100% of the tubes have to be inspected each year 
over their full length. Before each inspection, 
the steam generator tubes are subjected to a 13.8 
MPa (2000 psi) differential pressure test to open 
tight cracks and make them more detectable. 
Bobbin coil eddy-current equipment is used 
above the tubesheet region. 8x1 eddy-current 
probes are used in the hot-leg tubesheet region 
in most steam generators in order to detect 
circumferential degradation. Rotating pancake 
coil eddy-current equipment is used in the 
tubesheet region of one Japanese plant in order to 
detect pitting. 

7.1.6 Tubing Inspection Requirements in 
Russia 

Russian steam generator &be inspections are 
performed when leakage of the primary coolant 
into the secondary coolant system is detected. 
All the tubes are inspected using "visual and 
hydro-luminescent " methods. Eddy-current 
inspection is being introduced at some Russian 
nuclear power plants. Primary-to-secondary leak 
rates are monitored using a "Na device. 

7.1.7 Tubing Inspection Requirements in 
Slovenia 

Initially, the sampling procedure outlined in 
USNRC R.G. 1.83 was followed. However, the 
condition of both steam generators triggered 
more extensive inspection. Current practice is 
full length inspection of all tubes with bobbin coil 
probes. Additionally, all bends in Rows 1 and 2 
and hot-leg transition zones are inspected with 
multifrequency rotating pancake coil probes. 
Bobbin coil indications at the tube support plates 
are also re-inspected with multifrequency rotating 
pancake coil probes for confirmation. The 
expanded tubes in the preheater section (cold leg) 
are also inspected using rotating pancake coil 
probes. A complete inspection is performed 
during each refueling outage. 
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All sleeves and the tube areas behind the sleeves 
are also inspected during each refueling outage. 
Also, an ultrasonic baseline inspection was used 
to confirm the quality of the sleeve-to-tube welds. 
I-coil and Plus-Point eddy-current probes have 
been implemented for subsequent examinations. 

7.1.8 Tubing Inspection Requirements in 
Spain 

All Spanish steam generators with susceptible 
material are inspected during each refueling 
outage. 100% of the tubes are inspected over 
their full length using bobbin coil eddy-current 
equipment. All the hot-leg tubesheet areas and 
all the indications detected by the bobbin coil are 
also inspected with rotating pancake coil eddy- 
current equipment. Fewer tubes are inspected in 
the Spanish steam generators with less susceptible 
material. For example, only 20% of the 
thermally treated Alloy 600 tubes in the 
Westinghouse Model F steam generators at one 
plant are inspected over their full length every 
outage with a bobbin coil, plus a random sample 
are inspected with rotating pancake coil eddy- 
current equipment (the Model F has stainless 
steel quatrefoil support plates). In another plant 
with Alloy 800M tubing, 9% of the tubes are 
inspected over their full length every outage. 

7.1.9 Tubing Inspection Requirements in 
Sweden 

In Sweden, a random sample of 1517% of all 
tubes must be inspected full length using bobbin 
coil eddy-current equipment each year. In 
addition, an augmented inspection of 20-100% of 
all tubes at specific regions (roll transition, tube 
support plate, etc.) is performed. The augmented 
inspections include 100% of the hot-leg tubesheet 
area. The Swedish regulatory authority must 
witness the inspections. 
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7.1.10 Tubing Inspection Requirements in 
Switzerland 

The Swiss utility (NOK) practice is to do a 100% 
inspection of their newer steam generators with 
Alloy 690TT tubing (which are not particularly 
susceptible to degradation) after one year of 
operation and then a random sample of 5.5 % of 
all tubes must be inspected every three years 
thereafter. In addition to a full inspection every 
three years, all the tubes in the older steam 
generators with Alloy 600 tubing are inspected 
on the hot-leg side, and up through the U-bend 
region to the sixth support plate on the cold leg 
side, every outage. Multifrequency bobbin coil 
eddy-current equipment is used for these 
inspections, supplemented by rotating pancake 
coil inspections of the U-bends in Rows 1 and 2 
as well as indications within the tubesheet 
(including the roll transition region). The Swiss 
regulatory authority must witness the inspections. 

7.1.11 EPRI Tubing Inspection 
Recommendations 

When the EPRI alternative fitness-for-service 
guidelines for defects in the roll transition region 
are used, EPRI recommends a rotating pancake 
coil eddy-current inspection of all in-service hot- 
leg tube expansion zones at each scheduled 
inspection outage. When the EPRI alternative 
fitness-for-service guidelines for defects in the 
tube support plate regions are used, EPRI 
recommends a bobbin coil eddy-current 
inspection of all hot-leg tube support plate 
intersections, and all cold leg tube support plate 
intersections down to the lowest tube support 
plate with indications every outage. 
Supplemental rotating pancake coil inspections of 
a sample of tubes with bobbin coil voltages less 
than the tube repair limit is also recommends to 
characterize the defects. 
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It should be noted that the USNRC has not 
accepted the EPRI fitness-for-service guidelines 
for defects in the roll transition region, and, 
therefore, the EPRI tubing inspection 
recommendations for that defect type and 
location are currently not in the Technical 
Specifications at the US plants. The USNRC has 
accepted certain alternative fitness-for-service 
guidelines for ODSCC at tube support plates (see 
Section 7.3.2), but requires a somewhat more 
extensive examination than recommended by 
EPRI. as discussed in Section 7.1.1. 

7.2 Tubing Repair Criteria 

Repair or removal from service (plugging) of 
excessively damaged steam generator tubing is 
necessary to prevent: 

0 single or multiple tube ruptures 

0 excessive primary to secondary leakage 

However, a continuing issue has been exactly 
what constitutes excessive damage and which 
degraded tubes are or are not still fit for service. 
Some of the earliest guidance on this subject was 
published in the U.S. Code of Federal 
Regulations and in the ASME Pressure Vessel 
and Boiler Code and is discussed in Section 7.2.1 
below. The ASME code states that for U-tube 
steam generators, the allowable outside diameter 
flaw shall be less than 40% of the tube wall. 
And, this type of criterion was initially 
implemented in most countries with PWR or 
CANDU plants. However, alternative criteria 
are allowed by the ASME code if accepted by the 
regulatory authority and USNRC Regulatory 
Guide 1.121 provides guidance on how to 
develop alternative criteria. Essentially, four 
items must be addressed: 

the propagation rate of the defect until 
the next inspection; 
the ability of the inspection methods to 
detect defects of a critical size; 
the accuracy of the inspection methods to 
size defects of a critical size. 

In recent years, a number of countries have 
found the original ASME criterion overly 
conservative and inflexible and have developed 
revised or new fitness-for-service criteria, often 
in conjunction with revised inspection 
requirements. Although the new fitness-for- 
service criteria used in most countries follow the 
general guidance contained in Regulatory Guide 
1.12 1, there are substantial differences in 
implementation. However, the currently 
implemented repair criteria can be grouped into 
two families: generic and defect type and 
location specific criteria. Both these types of 
fitness-for-service criteria are briefly introduced 
below and then discussed in more detail in 
Section 7.3. 

7.2.1 Generic Fitness-For-Service Criteria 

No flaws. The simplest, most straight forward, 
and most conservative generic approach is to 
define a minimum detection threshold, inspect all 
the tubes on a regular basis, and remove from 
service or repair any tubes with indications above 
the noise level. This implies, of course, that 
there will be no leakage. (Should any leakage 
start, the plant will immediately be shutdown and 
the tubes inspected.) However, this approach 
provides little or no incentive to improve the 
inspection and leak detection methods. 

Wall thickness. The most widely implemented 
fitness-for-service criterion is a minimum wall 
thickness criterion (either the value specified in 

, the ASME code or some other value). The 
minimum wall thickness value is determined by 
assuming uniform wall thinning around the 
circumference of the tube and calculating a wall 
thickness which will sustain all postulated loads 

0 the maximum (critical) size of a defect 
which ensures stability of the damaged 
tube (analytical and experiniental 
verification); 
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with appropriate margin. Generally, a plastic 
load limit analysis is performed with margins 
against tube burst of 3 and 1.43 for normal and 
accident conditions, respectively. Leak rate 
calculations are not required since throughwall 
defects are not expected. A minimum wall 
thickness criterion works well for degradation 
mechanisms that remove considerable material 
such as loose parts wear, wastage, etc. 
However, a minimum wall thickness criterion 
can be overly conservative and costly for small 
defects such as pitting, axial ODSCC within the 
tube support plates, etc. 

7.2.2 
Repair Criteria 

Defect Type and Location Specific 

The occurrence in recent years of new types of 
tube degradation such as PWSCC within the 
tubesheet or axial ODSCC within the support 
plates initiated the development in some countries 
of defect type and location specific repair 
criteria. These criteria were developed to reduce 
the extent of the steam generator repair or 
plugging work without sacrificing plant safety by 
reducing the unnecessary conservatisms of the 
generic criteria. This was done by taking into 
account specific defect and location 
characteristics which may reduce the chances of 
tube rupture or leakage. To date, four broad 
groups of defect specific repair criteria are in 
use. 

P* and F* Criteria. Tubes with flaws in the 
region where the tube has been expanded against 
the tubesheet will not burst and probably will not 
leak. Therefore, criteria were developed 
specifically for partial and full tubesheet depth 
expanded tubes, which allow tubes with flaws in 
the tubesheet region to remain in service without 
repair, regardless of defect size. However, the 
flaws must be some distance below the top of the 
tubesheet or bottom of the roll transition, 
whichever is lower, so as to prevent pull out of 
the damaged tube should it separate at the flaw. 
The F' distance for full depth rolled steam 

generators is typically 38 to 51 mm. (The exact 
F' distance is established by considering the 
length of roll expansion needed to resist the tube 
pull out forces.) The P" distance is typically 
about 32 to 38mm. It is established by 
considering the ability of other tubes to prevent 
tube pull out (Gorman et al. 1994). The tube 
sheet thickness is usually between 525 and 610 
mm. 

Crack length criteria for axial PWSCC in the 
residual stress dominated expansion transition 
zones. This type of repair limit was originally 
developed and implemented in some European 
countries (France, Belgium, Spain, Sweden, 
Slovenia), Axial cracks located close to the top 
of the tubesheet and shorter than about 10 mm 
(3/4" tubes) or 13mm (7/8" tubes) may remain in 
service even if they are throughwall. 
Implementation requires special inspection 
techniques which are able to detect and size the 
length of the axial cracks and, depending upon 
the degree of the degradation, up to 100% yearly 
inspections. 

The main underlying assumption is that Alloy 
600 is very ductile. Therefore, reasonably short 
throughwall axial cracks exhibit slow propagation 
(typically about a mm/year) and do not tend to 
result in catastrophic tube failure. Rather simple 
analytical models (e.g., Erdogan 1976, for 
application see Flesch and Cochet 1990) fit very 
well to the experimental results and enable 
reliable predictions of critical crack lengths. 
Crack growth predictions are estimated on the 
basis of statistical analyses of consecutive 
inspection results. The accuracy of the 
inspection methods is determined using the 
results of metallographic examinations of pulled- 
out tubes. 

Leakage from tubes with various size cracks has 
been measured in the laboratory (Flesch and 
Cochet 1990). It was shown that the leak rate 
through a single throughwall crack of about 
critical length is less than 70 P/h (0.3 gpm). 
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Therefore, reduced operational leak rate limits 
(below 70Uhr per steam generator) and on-line 
leak rate monitoring (such as nitrogen-16) were 
implemented as an additional safety precaution. 

The Swedish application of this criterion has an 
additional very interesting feature. The final 
value of the repair limit is chosen on the basis of 
probabilistic risk assessment analysis. The 
acceptable conditional tube rupture probability, 
given a steam line break, was set to 1% which 
implies an acceptably low core melt frequency 
(Gorman 1994, and references therein). 

Leak before risk of break criteria for axial 
PWSCC. This approach is of French origin and 
is very similar to the crack length criteria. In the 
early implementation stage, leak detection was 
considered to be as reliable as tube inspection. 
Only samples of tubes were therefore inspected 
while the non-inspected, and possibly nearly 
critical, defects were expected to be reliably 
detected by nitrogen-16 on line leak monitoring. 
However, some of the long throughwall cracks 
are rather leak tight, which can cause rather 
unreliable predictions of the leak rates. The 
current tendency is therefore to put increasing 
weight on the use of inspections and use leak 
detection as an additional safety feature. 

Voltage criteria for ODSCC at the tube 
support plates. The very complex morphology 
of ODSCC forced the industry to a completely 
statistical approach. The signal amplitude of the 
bobbin coil eddy-current testing inspection 
method was taken as the measure of defect 
severity. Based on degraded pulled-out tubes and 
specimens prepared in the laboratory, two 
correlations were developed: (1) bobbin coil 
signal amplitude versus tube burst pressure and 
(2) bobbin coil signal versus leak rate (individual 
defect in a tube). The burst pressure correlation 
together with allowances for defect progression 
and inspection uncertainties is used to define the 
structural repair limit in the first step. The leak 
rate correlation together with the recent 
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population of defects in the steam generator 
under consideration, and allowances for defect 
progression and inspection uncertainties then 
gives an estimate of total leak rate during 
postulated accident conditions (e.g., steam line 
break). Should the total leak rate exceed the 
predefined acceptable value, the plant operator 
has the following options: 

- repair or remove from service (plug) additional 
tubes; 

- lower the reactor coolant system activity limits; 
or 

- reduce the time between inspections. 

Thus, the repair limit may depend on the 
condition of the steam generator, the growth rate 
of the defects, the coolant activity levels and 
other factors, and may be updated at each 
inspection and repair campaign. 

Note that the voltage criterion is not based on a 
mechanistic description or modeling of the defect 
in contrast to other criteria. Rather a simple 
correlation between a selected parameter, 
obtained from inspection, and experimental 
results (burst pressure and leak rate 
measurements) is derived. 

A comparison of the important parameters for 
each group of repair criteria is given in Table 24. 

7.3 Tubing Fitness-For-Service Guidelines in 
Various Countries 

The purpose of this section is to review and 
discuss the steam generator tubing fitness-for- 
service requirements in various countries and to 
describe in a general way how they are applied. 
The countries included in this review are 
Belgium, Canada, France, Germany, Japan, 
Russia, Slovenia, Spain, Sweden, Switzerland, 
and the U.S. The U.S. fitness-for-service 
guidelines are discussed first because a number 
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of countries started with the U.S. guidelines and 
then modified them. The basis and implementa- 
tion approach of the fitness-for-service guide- 
lines used in these countries are summarized in 
Table 25. Much of the following material was 
taken from Gorman et. al. 1994. 

ness criterion is used for most defects at Prairie 
Island Units 1 and 2, except general wall thinning 
(Northern States Power Co. 1985); and a 44% 
wall thickness criterion is used for all defects at 
San Onofre Units 2 and 3 (Southern California 
Edison Co. 1982). 

7.3.1 Regulatory Practices and Fitness-For- 
Service Guidelines in the United States 

Appendix A of Section 10 CFR 50 of the U.S. 
Code of Federal Regulations requires that (a) 
U.S. nuclear power plant owners assure that their 
reactor coolant pressure boundaries have an 
extremely low probability of abnormal leakage, 
of rapidly propagating failure, and of gross 
rupture and (b) the reactor coolant system and 
associated auxiliary, control, and protection 
systems be designed with sufficient margin to 
assure that the design conditions of the reactor 
coolant pressure boundary are not exceeded 
during normal operation, including anticipated 
operational transients. 10 CFR 50 also invokes 
the ASME Code, including Section XI, which 
has specific inspection requirements for steam 
generator tubing and Section 111, which has 
general design guidance appropriate for the 
analysis of steam generator tubing burst or 
rupture. Detailed requirements are contained in 
each nuclear power plant's Technical Speci- 
fications, which are part of the plant's license 
from the USNRC, and are often patterned on the 
USNRC Standard Technical Specifications. 

Article IWB-3521.1 of Section XI of the ASME 
Code states that the allowable outside diarmter 
flaws in the tubing in U-tube steam generators 
shall not exceed 40% of the tubing wall 
thickness. Many U.S. nuclear power plants have 
this criterion in their Technical Specifications. 
However, Article IWB-3630 of Section XI does 
allow alternative criteria to be used, if approved 
by the USNRC and a number of US plants use 
somewhat higher values in their Technical 
Specifications. For example, a 50% wall thick- 

Article F-1341.4 of Appendix F of Section I11 of 
the ASME code limits the applied load to 0.7 
times the plastic instability load, which is 
determined from either an elastic-plastic analysis 
or testing. The plastic instability load is defined 
in Article NB-3213.26 of Section I11 as the load 
at which unbounded plastic deformation occurs 
without an increase in load. This corresponds to 
a safety factor of 1.0/0.7 = 1.43 for design basis 
accident loads such as the loads that would be 
applied during a main steam line break. If the 
steam generator tubing is assumed to behave like 
austenitic piping, which is a reasonable 
approximation, Article IWB-3642 of Section XI 
of the ASME Code can be used to determine the 
factors of safety. It specifies a safety factor of 3 
on normal loads and 1.5 on accident loads. 

Detailed fitness-for-service guidance is provided 
to the U.S. nuclear power plant owners in 
Regulatory Guide 1.121 (USNRC 1976). 
However, it should be noted that the USNRC 
regulatory guides are not mandatory and the 
legal requirements applicable to a plant are those 
in its Technical Specifications, which are 
reviewed and approved by the USNRC. 
Regulatory Guide 1.121 suggests that three 
factors be considered when developing a fitness- 
for-service limit: "( 1) the minimum tube wall 
thickness needed in order for tubes with defects 
to sustain the imposed loadings under normal 
operating conditions and postulated accident 
conditions, (2) an operational allowance for 
degradation between inspections, and (3) the 
crack size permitted to meet the leakage limit 
allowed per steam generator by the technical 
specifications of the licenses" (USNRC 1976). 
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Bases 

1. No detectable flaws or leakage 

2. Flaws limited to a size which is 
calculated not to burst during normal 
operation and accident conditions 

3 .  Flaws limited to a size which is 
calculated not to burst during normal 
operation and accident conditions 

4. Flaw limited to a size which is not 
expected to burst during normal 
operation and accident conditions 

5. Flaws limited to a size so that there 
is a low probability of tubing burst 
during accident conditions 

6 .  Flaws limited to a size which is not 
expected to burst during normal 
operation and accident conditions 

7. Set defect size based on allowable 
risk of rupture during steam line break 

R.  No leakage, detectable flaws of any 
size which do not leak are allowed 

9. Ensure total leakage for all defects 
meets dose limits under normal 
operating and accident conditions 

How Implemented 

9 No wall thinning > 20%, no defects over 
noise level 
~ 

Use safety factors of 3 for normal 
operation and 1.4 and 1.5 for accidents and 
conservative analysis methods 

Often 40% of wall thickness 

Use safety factors of 2.7 for normal 
operation and 1.43 for accidents and margins 
for accuracy and growth 

50% of wall thickness 

Use safety factor of 3 for normal operation 
and 1.4 - 1.5 for accidents with best estimate 
analysis; or conservative analysis methods 
with no safety factor; use most conservative 
result 

Use conservative analysis methods for each 
degradation mechanism (degradation specific 
management) - no explicit safety factors but 
aggressive inspections 

Rely on a reliable nitrogen-16 leak 
detection system 

Use conservative analysis methods 
supplemented by 100% inspections of 
affected areas and tight leak rate limits 

Estimate probability of rupture for each 
defect, and require sum for all defects to be 
< allowed limit (e.g., 1 %) 

Plug any tube with detectable leakage 

Estimate leakage for all defects present at 
end of interval, make sure total leakage is 
significantly less than applicable site dose 
limits. 
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Where Used 

Japan 

USA 
Canada 

Germany 

Belgium 
Slovenia 

France 

Spain 

Sweden 

Russia 

Canada 
USA 
Belgium 
Slovenia 
Sweden 
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The minimum acceptable wall thickness is 
defined such that: 

Tubes with part through-wall degradation 
should not be stressed beyond the elastic 
range during normal operation; 
There is at least a margin of safety of 3 
against tube rupture or burst during normal 
operation; 
There is at least a margin of safety of 1.43 
against tube rupture or burst during design 
basis accidents (ASME Code, Section HI, 
Articles NB-3225 and F-1341.4); 
Any increase in the primary-to-secondary 
leak rate must be gradual enough to allow 
corrective actions to be taken prior to tube 
failure. 

The method used to estimate the operational 
allowance (fraction of the total thickness to 
compensate for degradation during the next 
operating period) should be based on evaluation 
of the continuing degradation rate and a consider- 
ation of measurement error. A defect "that 
reduces the remaining tube wall thickness to less 
than the sum of the minimum acceptable tube 
wall thickness plus the operational degradation 
allowance is designated as an unacceptable 
defect" and a tube with that defect "should be 
plugged" (USNRC 1976). Regulatory Guide 
1.121 also suggests that conservative analytical 
models be used to establish the minimum 
acceptable tube wall thickness. The wall 
thickness must meet the design limits of the 
ASME Code as discussed above and the stress 
calculations for defective tubes must consider all 
stresses and deformations expected during several 
design basis accidents. A summary of the 
analysis performed must be provided to the 
USNRC when applying for alternate fitness-for 
-service guidelines. 

Regulatory Guide 1.121 also suggests that the 
primary coolant system-to-secondary coolant 
system leak rate in the Technical Specifications 
be adjusted so that the allowable leakage rate 

during normal operation is less than "the leakage 
rate determined theoretically or experimentally 
from the largest single permissible longitudinal 
crack," so that remedial action can be taken if the 
cracks propagate suddenly. Also the leak rate 
should be less than the permissible leak rate 
based on the site boundary radiation dose. 
Although not included in Regulatory Guide 
1.121, practice in the U.S. has been to ensure 
that the total of all primary system leaks will not 
exceed the site dose limits set by 10 CFR 100 
during design base accidents, especially the main 
steam line break. 

7.3.2 Alternative U. S. Fitness-For-Service 
Guidelines for Outside Diameter IGSCC/IGA 
at Tube Support Plates 

The tubes in the steam generators at the Trojan 
Nuclear Plant (now shutdown) near Portland, 
Oregon, experienced considerable outside dia- 
meter IGSCC/IGA damage at the tube support 
plate locations. Because of the large number of 
tubes with suspect indications, the Trojan staff 
eventually decided to develop alternate fitness- 
for-service guidelines based on bobbin coil 
voltage, to limit the number of tubes requiring 
repair or plugging (Westinghouse 1991). This 
involved correlating bobbin coil eddy-current 
voltage with burst pressures. The experimental 
work was performed by Westinghouse using 
pulled tubes from a number of PWRs as well as 
model boiler tubes tested at room temperature 
without tube support plate reinforcement. The 
results were then adjusted to the operating 
temperature of the steam generator using Alloy 
600 temperature-dependent mechanical proper- 
ties. A lower 95% curve was established and the 
voltages corresponding to (a) three times the 
normal operating pressure difference across the 
tubing walls and (b) 1.43 times the pressure drop 
during a main steam line break were determined. 
The expected growth rate in volts during the next 
operating cycle was computed based on limited 
prior experience and subtracted from the burst 
correlation results, along with an allowance for 
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measurement uncertainty (analysis, probe wear, 
and calibration standards). Because of the 
uncertainty in the growth rate and the limited 
experience with this type of guideline a limit for 
the bobbin coil voltage of 1 .O volt was chosen. 

The Trojan alternate fitness-for-service guidelines 
required an extensive inspection program. All 
the tubes were inspected during the next outage 
with bobbin coil eddy-current equipment. All 
indications and all intersections up to the 5th tube 
support plate were then inspected with rotating 
pancake coil eddy-current equipment. Care was 
taken to determine when a bobbin coil signal was 
a "possible indication" and a rotating pancake 
coil signal was something other than background 
noise. To provide additional assurance that the 
Trojan outside diameter IGSCC/IGA defects 
would be detected, the allowable primary-to- 
secondary coolant system leak rate was reduced 
to 492 liters (130 gallons) per day per steam 
generator and 1514 liters (400 gallons) per day 
for all four steam generators and nitrogen-16 
monitors were installed on the main steam lines. 
In parallel with the work at Trojan, EPRI 
commissioned a committee of U.S. and foreign 
experts in steam generator tubing degradation 
issues to recommend an alternative fitness-for- 
service guideline for outside diameter 
IGSCCAGA defects (EPRI 1993a, EPRI 1995). 
Their approach is intended to be consistent with 
the NRC Regulatory Guide 1.121 and the ASME 
Section I11 philosophy, but is based on 
experimentally determined voltage limits, as 
follows: 

Where V is the voltage limit for repair, V,, is a 
voltage structural limit from correlations of burst 
pressure versus bobbin coil measurement, V,,, 
is the measurement error, and V,, is the voltage 
growth associated with the expected crack growth 
during the next operating cycle. The values for 
VNDE and Vs, were taken from an EPRI database, 
and V,, is based on either plant specific data or 
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conservative values developed by EPRI. All 
indications with a bobbin coil eddy-current 
voltage greater than the calculated limit require 
repair. The development of these correlations is 
discussed in somewhat more detail in the next 
few paragraphs. 

To develop the burst pressure versus bobbin coil 
eddy-current correlation, EPRI compiled results 
from pulled tubes from a number of plants and 
model boiler tubes with diameters of 3/4-inches 
and 7/&inches. The eddy-current measurements 
were generally made before the tubes were 
removed from the steam generators. The burst 
tests were performed at room temperature 
without tube support plates. Tube support plate 
reinforcement was not used because eggcrate and 
quatrefoil tube supports do not provide coverage 
around the entire circumference and drilled hole 
tube support plates may move during a main 
steam line break accident, thereby uncovering the 
cracks. A curve fit at the lower 95 % prediction 
interval was then determined and adjusted to 
344°C (650°F) using established temperature 
dependent lower bound mechanical properties. 
The lower value of the bobbin coil voltage at 
three times normal operating pressure or 1.43 
times the main steam line break pressure drop 
was then determined. This was found to be 4.0V 
for the 3/4-inch tubing and 4.5V for the 7/8-inch 
tubing (for the data available at that time). 

To calculate the expected voltage growth during 
the next operating cycle, data from consecutive 
operating cycles at six plants was evaluated. The 
percent voltage growth for each indication and an 
average plant value was calculated for each plant, 
then a bounding average growth rate greater than 
all the plant average values was computed. This 
value was shown to be 35 %/EFPY. 

The measurement uncertainty associated with 
probe wear and analyst interpretation was also 
determined. Probe wear was varied from 0 to 
0.5mm on the centering buttons and numerous 
scans made of a four hole calibration standard. 
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The calibration standard was prepared per ASME 
Code Section V, Article 8, Appendix 11 - 860.22. 
A standard deviation of 7% was determined. 
The largest 592 indications from a plant with 
confirmed outside diameter IGSCC/IGA at the 
tube support plates was evaluated by six analysts. 
The standard deviation of the voltage readings 
was found to be 10.3 % . A combined root-mean 
squares deviation for measurement error of 
20.5 % was then calculated. 

Using the EPRI values discussed above and an 
expected cycle length of 1.3 EFPYs, the repair 
limits are 2.4 volts for 3/4-inch tubing and 2.7 
volts for 7/8-inch tubing. It should be noted that 
use of these limits requires 100% bobbin coil 
eddy-current inspection, and supplemental 
rotating pancake coil eddy-current inspections to 
characterize the indications as outside diameter 
IGSCC/IGA. 

To use the EPRI voltage criteria, the primary-to- 
secondary coolant system leakage during various 
design basis accidents must also be estimated. 
Therefore, EPRI correlated leak rate and 
probability of leakage with bobbin coil voltage by 
testing pulled tubes and model boiler tubes at 
estimated main steam line break pressure 
differences of 16.1 and 18.3 MPa (2335 and 
2650 psi). (However, not all the tubes were 
tested at both pressures, and analytical 
adjustments were used.) Using the best fit curves 
and standard deviations, along with the crack 
growth rate and measurement uncertainty 
distribution, a Monte Carlo analysis can be 
performed to calculate an accident leak rate at the 
end of the next operating cycle. (The leak rate 
for a given crack size is the probability of 
leakage multiplied by the leak rate.) The sum of 
the upper 95/95 probability/confidence level 
values is then used as the conservative upper 
bound leak rate and compared to the site 
boundary limits. 

Also, to minimize the probability of rupture, the 
EPRI guidelines recommend that the allowable 
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steam generator leak rate be reduced from 1893 
to 568 liters per day (500 to 150 gpd). 

The USNRC provided guidance to U.S. utilities 
who wished to implement the EPRI (or similar) 
alternative fitness-for-service guidelines €or 
ODSCC at tube support plates in Generic Letter 
95-05 (USNRC 1995b). Although the USNRC 
approved the basic approach discussed above, a 
number of key parameters were modified and 
made more restrictive (conservative). Also, the 
repair criteria discussed in Generic Letter 95-05 
only applies to Westinghouse-designed steam 
generators with 19 mm (3/4 in.) and 22 mm (718 
in.) diameter Alloy 600 tubes and drilled-hole 
tube support plates and axially oriented ODSCC 
confined within the tube-to-tube support plate 
intersections. 

The USNRC voltage repair limits are: 

22 mm (7/8 in.) diameter tubes with bobbin 
coil probe indications less than 2.0 volts may 
remain in service. 

19mm (3/4 in.) diameter tubes with bobbin 
coil probe indications less than 1 .O volt may 
remain in service. 

Tubes with bobbin coil indications greater 
than the above values but less than an upper 
voltage repair limit (calculated using the 
basic EPRI approach) may remain in service 
if a subsequent rotating pancake coil probe 
inspection does not confirm the indication. 

Tubes with other indications (above the 
upper limit, or between the lower and upper 
limit and confrmed by rotating pancake coil 
inspection) must be repaired. 

As with the EPRI fitness-for-service guidelines, 
the upper voltage repair limit is determined by 
first determining the lower 95% prediction 
boundary for an appropriate set of room- 
temperature burst pressure versus bobbin coil 
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voltage data, then reducing this lower limit to 
account for the lower 95/95 % tolerance bound of 
the tubing material properties at 343°C (650°F). 
The structural limit voltage, V,,, is then 
determined for a free span burst pressure of 1.4 
times the differential pressure calculated for a 
main steam line break design basis accident. The 
structural limit voltage is then reduced to account 
for flaw growth during the next operating cycle 
and voltage measurement uncertainty. The flaw 
growth allowance should be based on the voltage 
growth rates observed at that plant during the last 
one or two inspection cycles or 30% per effective 
full power year, whichever is larger. The 
voltage measurement uncertainty should consider 
probe wear and the variability among data 
analysts and should be the 95% cumulative 
probability value (about 20 %). 

The total leak rate during a main steam line break 
accident must also be calculated by (a) 
determining the frequency distribution of the 
bobbin coil voltage indications, (b) determining 
an end of cycle distribution based on the expected 
crack growth and estimated measurement error 
and (c) use of empirical probability of leak and 
leak rate versus bobbin coil voltage indication 
models. The total leak rate must, of course, be 
within the licensing basis. The beginning of 
cycle bobbin indication frequency distribution 
must be scaled upward by a factor of 1/POD to 
account for non-detected cracks, where POD is 
the probability of detection of ODSCC flaws and 
can be assumed to be 0.6. Monte Carlo 
techniques can then be used to project the 
beginning of cycle voltage distribution to the end 
of the cycle, using the expected crack growth 
values and measurement uncertainties discussed 
above. Once the projected end of cycle voltage 
distribution is determined, the leakage is 
calculated by multiplying the voltage distribution 
by (a) an empirical probability of leakage as a 
function of voltage value and (b) an empirical 
leak rate as a function of voltage value. These 
empirical models should be developed from 
appropriate experimental data from either 22 or 
19mm tubing, as applicable. 
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Implementation of a voltage-based repair criteria 
must include enhanced inspections. The bobbin 
coil inspection should include all the hot-leg tube 
support plate intersections and all the cold-leg 
intersections down to the lowest cold-leg tube 
support plate with known ODSCC. In addition, 
20% of the tubes should be inspected over their 
full length with a bobbin coil probe. Rotating 
pancake coil inspections should be performed for 
all bobbin coil indications exceeding 2.0 volts 
from 22 mm (7/8 in.) diameter tubes or 1.0 volt 
from 19mm (3/4 in.) diameter tubes. Also, 
rotating pancake coil inspections should be 
performed at all intersections with (a) interfering 
signals from copper deposits, (b) dent signals 
greater than 5 volts, or (c) large mixed residuals. 
Any indications found at such intersections with 
a rotating pancake coil should cause the tube to 
be repaired or plugged. The bobbin coil should 
be calibrated against the standard used to develop 
the voltage-based approach. Probe wear should 
be controlled. The data analyst's performance 
should be consistent with the measurement 
uncertainties used. 

Implementation of a voltage-based repair criteria 
must also include a program of steam generator 
tube removals and testing. Two tubes (at least 
four intersections) must be removed (pulled) 
from each plant when the voltage-based repair 
criteria is first implemented. An additional tube 
(at least two intersections) must be removed 
during each outage following 34 effective full 
power months of operation, or after three 
refueling outages, which ever is shorter. The 
removed tubes must be subjected to leak and 
burst tests under simulated main steam line break 
conditions. The tube intersection areas must also 
be destructively examined to confirm that the 
degradation is axial ODSCC. 

Implementation of a voltage-based repair criteria 
myst also include reduced leakage limits (5681 
per day or 150 gal per day) and:adequate leakage 
monitoring equipment. Also, tubes with known 
leaks must be repaired or plugged. 
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7.3.3 Alternative U.S. Fitness-For-Service 
Guidelines for PWSCC in the Roll Transition 
Region Proposed by EPRI 

Primary water stress corrosion cracking has been 
found in the roll transition region of full- and 
part-depth rolled PWR steam generators 
worldwide. One of the first alternative fitness- 
for-service guidelines was the F* criterion which 
is being used in a number of U.S. plants. The F* 
criteria applies to steam generators with partial or 
full tubesheet depth hard rolled tubes and allows 
defects, regardless of size, detected below a 
certain distance from the bottom of the roll 
transition or top of tubesheet, whichever is 
lower, to remain in-service. The F* distance is 
established by considering the length of roll 
expansion needed to resist tube pull out forces 
and is typically 38 to 50mm (1.5 to 2.0 in.). In 
other words, the F* criteria has been applied at 
locations where there is a very low possibility of 
steam generator tube rupture or burst because the 
defect remains tightly enclosed within the 
tubesheet. 

Recently, EPRI also commissioned a committee 
of U.S. and foreign experts in steam generator 
repair issues to develop alternative fitness-for- 
service guidelines for tubes with axial PWSCC 
above the F* distance (EPRI 1993b). The 
following equation is used to find the largest 
allowable axial crack which can remain in- 
service: 

Where A is the allowable crack length, a is a 
reference crack length from a rupture 
correlation, a,, is a correction for tubesheet 
constraint, aCG is the allowance for crack growth 
during the next operating cycle, and a,,, is a 
measurement uncertainty factor. To develop the 
rupture correlation (a versus burst pressure) 
EPRI compiled results from tests performed on 
3/4-inch and 7/8-inch tubing by BELGATOM, 
Framatome and EdF, Westinghouse, and CEGB 
in Great Britain. The data were normalized and 
a bounding equation determined and then 
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adjusted to the steam generator operating 
temperature. 

The tubesheet correction factor was developed by 
BELGATOM as follows (for 3/4-in. tubing): 

0 < a < 4 . 5 m  
4.5 < a < 18mm 
18mm < a 

a,, = 4.5- 
a, = 6.0 - d3mm 
a,, = 0 

These values reflect the tubesheet reinforcement 
provided relatively short axial cracks at the roll 
transition. 

The allowance for average crack growth during 
the next operating cycle (a& was determined to 
be 0.76 mm/EFPY using data from Doel 2 for 
cracks with beginning-of-cycle lengths of 3 to 11 
mm (Doel 2 has an inlet temperature of 330°C). 
However, use of plant specific data is 
recommended. To determine the measurement 
uncertainty (aNDE), EPRI compiled results from 
comparisons of true crack length with crack 
length as measured by rotating pancake coil 
eddy-current equipment in France, Belgium, 
Sweden, Spain, and the U.S. The 201 data 
points provided the following relationship: True 
crack length equals the eddy-current measured 
crack length less 0.39mm with a two sigma 
distribution of 2.12mm. Subtracting 0.39 from 
2.12 mm provides an NDE error estimate of 
1.73mm. [Le., the average true length is 0.39 
mm shorter than the measured length but at the 
95% confidence level (2 sigma) the true length is 
1.73 mm longer than the measured length.] 

Using safety factors of 3 on the normal pressure 
drop and 1.43 on the design basis accident 
pressure drop, a critical crack length for a 7/8- 
inch tube of 10.7mm is calculated. Use of this 
criterion required a 100% rotating pancake coil 
eddy-current inspection of all in-service hot-leg 
tube expansion zones. It also required a primary- 
to-secondary coolant system leakage calculation, 
similar to the leakage calculation discussed in 
Section 6.2.2 above. 
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Also, to minimize the probability of rupture, 
EPFU recommends that the leak limit during 
normal operation be reduced to 568 liters per day 
(150 gpd) per steam generator. 

The USNRC has not approved use of the EPRI 
proposed fitness-for-service guidelines for 
PWSCC in the roll transition region in the U.S. 
As discussed below, certain other countries are 
using variations of these guidelines. 

7.3.4 Other Alternative Fitness-For-Service 
Guidelines in the U.S. 

Extensive pitting in the Indian Point Unit 3 steam 
generator caused by a large Hudson River water 
excursion into the secondary coolant system in 
198 1, resulted in alternative fitness-for-service 
guidelines at Indian Point Unit 3 during the 
period 1981 to 1985. Limits of 65, 50, 55 and 
63% of the tubing wall thickness were used at 
various times. These limits were based on burst 
testing of pulled tubes and various estimates of 
next cycle crack growth and measurement 
uncertainty. In 1985, Indian Point returned to , 

the ASME 40% criterion and repaired or plugged 
all tubes with indications over 40% of the wall 
thickness. 

Extensive circumferential IGSCCAGA was found 
in 1991 on the outside surfaces of the tubes in the 
three North Anna Unit 1 steam generators. 
These defects were located in the tubesheet 
expansion region and directly above and below 
the hot-leg tube support plates. All tubes with 
significant indications were plugged. However, 
due to the rapid increase in the extent of the 
stress corrosion damage, the utility decided that 
a mid-cycle outage in 10 months was needed. In 
an attempt to justifj a normal 18 month fuel 
cycle, the utility burst tested pulled tubes and 
reevaluated their previous NDE data to develop 
a conservative crack growth correlation (over 
50% of the 1991 indications were identifiable in 
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1989). Also, analysis and testing were per- 
formed to determine if fatigue at the defect 
locations could lead to tube rupture. Despite 
these efforts, it was decided that a mid-cycle 
inspection was necessary. The utility concluded 
that the results of that inspection showed that the 
models developed at the end of the previous 
operating cycle overestimated the number and 
size of the tubesheet expansion zone defects, but 
underestimated the number and size of the defects 
near the tube support plates. The mid-cycle and 
future inspections of North Anna Unit 1 consisted 
of 100% full length bobbin coil eddy-current 
inspections, 100% 8x1 probe inspections of the 
hot-legs, 100 % rotating pancake coil inspections 
near the top of the tubesheet, and follow-up of all 
bobbin and 8x1 probe indications with a rotating 
pancake coil eddy-current inspection. 

7.3.5 Regulatory Practices and J?itness-For- 
Service Guidelines in Belgium 

The starting point for the Belgian fitness-for- 
service guidelines was the original U.S. 
requirements discussed in Section 7.3.1 above, 
however, the Belgians consider the 40% of tube 
wall thickness limit in Section XI of the ASME 
Code too conservative for some locations and 
some defect types, and too inflexible. For these 
reasons, the Belgians have revised their 
requirements for in-service inspection of steam 
generator tubes and have defined the objectives 
to be met, but assigned the responsibility to the 
plant operator to meet them. The revised 
technical specification 

states that the objectives of inspection are to: 
(1) determine whether tube degradation is 
occurring and identify the specific modes 
involved, (2) assess the rate of defect growth 
and compare it with values used in 
establishing plugging/repairing criteria, and 
(3) identify the tubes that require 
plugging/repairing . 
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defines the content of the inspection 
program, which must include: (1) definition 
of inspection techniques and procedures, (2) 
tubes and zones to be inspected and (3) the 
plugginglrepairing criteria to be used for 
each type of degradation. 

gives general requirements: (1) requiring 
inspection methods to be selected such that 
they can reliably detect defects of concern, 
and (2) establishing the minimum sample size 
for inspection(3 %) and requiring the sample 
size to be expanded and additional inspection 
to be used, if necessary, to achieve the 
objectives. 

Based on the revised inspection requirements, 
alternate plugginghepairing criteria, i.e. defect 
specific fitness-for-service guidelines, have been 
developed by the plant operator aiming at (1) 
ensuring the structural integrity of the tubes, with 
adequate safety margin, under normal and during 
postulated accident conditions and (2) limiting the 
total primary-to-secondary leakage during and 
following an accident to a value consistent with 
the offsite dose limit. The controlling accident is 
considered to be a feedwaterhteam line break. 
With regard to the safety factors, the Belgians 
generally use the safety factors on loadings 
required by the USNRC Regulatory Guide 1 .12 1 
and the ASME Code. 

The fitness-for-service guidelines are submitted 
to the safety authority for approval. They are 
reassessed after each inspection to take into 
account the latest degradation growth rates, the 
accuracy of the inspection technique, and any 
change in the acceptance criteria (e.g. additional 
burst test data). 

The fitness-for-service guidelines in Belgium are 
both defect specific and location specific. For 
example, one type of fitness-for-service guide- 
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lines is for axial PWSCC at the roll transition at 
the top of the tubesheet of full depth rolled tubes. 
Other fitness-for-service guidelines have been 
developed for axial IGAAGSCC at tube support 
plate intersections, for IGAAGSCC in the sludge 
pile, and circumferential ODSCC at the roll 
transition at the top of the tubesheet. The fitness- 
for-service guidelines are of two general types, 
deterministic and statistical. Deterministic 
fitness-for-service guidelines are used when the 
morphology of the defect is such that reliable 
sizing is possible using available non-destructive 
examination methods, and the size of the defect 
can be reliably correlated with tube burst data. 
In these cases, the measured size is compared to 
an allowed defect size, which includes margins 
for sizing error and growth up to the next 
inspection, and required safety factors. 
Statistical fitness-for-service guidelines are used 
when accurate defect sizing by non-destructive 
examination technique is not possible. In this 
case, a statistical correlation is developed 
between a measured nondestructive examination 
parameter, such as bobbin coil voltage amplitude, 
and the burst strength of tubes with defects 
generally obtained from tubes removed from 
service. The lower confidence limit of this 
correlation, when combined with the required 
safety margin, is the maximum permissible value 
of the non-destructive examination parameter at 
the next inspection, i.e. after allowing for 
growth. 

Predicted primary-to-secondary leakage during 
accidents. is calculated on a combined 
deterministic-probabilistic basis, taking into 
account the measured crack size or measured 
non-destructive examination parameter at the 
start of the operating interval, probable crack 
sizes or non-destructive examination parameters 
at the end of the operating interval, and probable 
leakage behavior based on tests of tubes removed 
from service. 

NUREGKR-6365 



REGULATORY PRACTICES 

7.3.6 Fitness-for-Service Guidelines in Canada 

The regulatory requirements for steam generator 
tubing fitness-for-service assessments in Canada 
are stated in Clause 14 of CAN/CA N285.4, 
“Periodic Inspection of Nuclear Power Plant 
Components” (Canadian Standards Association 
1994). In general, the only flaw indications 
allowed in unrepaired tubes are where the 
predicted wall loss does not exceed 40% of the 
nominal wall thickness prior to the next 
inspection. However, the most recent version of 
this standard allows for indications exceeding the 
basic 40 % criteria, when a satisfactory fitness- 
for-service assessment is performed. The fitness- 
for-service methodology discussed below is based 
on recent assessments carried out at Ontario 
Hydro for Bruce-A Unit 2 and Bruce-B (Gorman 
et al. 1995). 

The fitness-for-service assessment requires 
demonstration that the incremental risk associated 
with continued operation of a steam generator 
with a known degradation mechanism is justified, 
understood and controlled. This has led to the 
following acceptance criteria; 

1. Demonstrate that the predicted prob- 
ability of steam generator tube rupture 
remains unchanged thus ensuring the 
frequency of the event is unchanged 
from that considered in support of the 
operating license. 

2(a). Demonstrate, for all design basis events 
with possible induced tube failures, that 
there are justifiable margins between 
estimated doses due to consequential 
tube leakage and the applicable dose 
limits. 

Demonstrate that post-accident operat- 
ing conditions are manageable and 
procedures adequate such that overall 
consequences remain acceptable. 
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It has been the experience to date that the 
response to design basis events (criterion 2(a)), 
has defined the permissible degree of tube 
degradation in affected CANDU plants (Grant 
1994). Criterion (1) has been demonstrated for 
the degradation mechanisms experienced by 
CANDU units to date, but it may not always be 
possible to do that for all degradation 
mechanisms which might affect the tubes in the 
future. 

CANDU plants routinely monitor steam 
generator leakage with methods capable of 
detecting leaks below kg/s. Plant operating 
procedures require shutdown when the leak rate 
exceeds 15 kg/hr. However, the correlation of 
leak rate with degradation is usually poor, 
because of the dependence of the leak rate on 
other variables such as applied loads, crack 
morphology, crud, etc. Leak monitoring is a 
useful precaution, but it does not in itself 
preclude the existence of large flaws or tube 
ruptures, it needs to be supplemented by other 
actions such as in-service examinations (Grant 
1994). 

Criterion (2(a)) leads to the development of a 
Maximum Allowable Leak Rate per unit against 
which a Total Estimated Consequential Leak Rate 
due to an event is compared. 

The general fitness-for-service assessment 
methodology consists of the following steps: 

Determination of Degradation Mechanism and 
Root Cause. The first step in the assessment 
process determines the degradation mechanism 
and the root cause of the problem (more than one 
degradation mechanism may be affecting the 
tubes). This leads to two possible paths of action 
depending on how widespread the problem is. If 
the population of affected tubes is known to be 
small, i.e. the degradation is not generic, then the 
affected tubes are either taken out of service or 
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are allowed to remain in service if the tube flaw 
indications are less than the 40% plugging 
criterion. Actions may also take place to remove 
the cause of the problem. For example, if the 
degradation was caused by debris there is an 
effort to remove it from the steam generator. If 
the tube degradation is found to affect a large 
population of tubes in the steam generators, i.e. 
the degradation is generic in nature, then the 
fitness-for-service assessment continues. 

Failure of the Tube(s) under Normal 
Operating Conditions. For normal operating 
conditions, it is necessary to determine the 
specific degradation mechanismts); characterize 
the tube flaw characteristics and material 
properties, the loadings and the tube behavior 
under such loadings; and, determine the mode(s) 
of failure of the degraded tube and the resulting 
leak rate. Sources of information for this step 
include non-destructive and destructive (tube 
pulls) examinations and structural testing of tubes 
containing characterized defects. This 
information is required to demonstrate that 
degradation induced failure of the tube will occur 
in a stable controlled manner. This leads to an 
evaluation of the increase in probability of boiler 
tube rupture under normal operating conditions 
and an evaluation of the adequacy of the basic 
Shutdown Leak Rate. Criterion (1) is satisfied if 
it can be shown that the maximum predicted 
probability of boiler tube rupture remains 
unchanged. This criterion must be satisfied for 
the fitness-for-service assessment to continue. 

Failure of the Tubes as a Consequence of 
Design Basis Events. In order to estimate a total 
leak rate for a particular tube degradation 
mechanism as a consequence of a specific event, 
it is necessary to answer the following questions: 
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(ii) 

(iii) 

How are the tubes likely to fail? 

How many tubes are at risk of failing at 
the end of the operating cycle, i.e. just 
prior to the next inspection? 

What remedial measures could be put in 
place to correct or mitigate the degrada- 
tion and what is the impact of these 
measures on the safety assessment? 

Determine Failure Mode of Tubes. Again, it is 
necessary to determine the specific degradation 
mechanism@); characterize the tube flaw 
characteristics and material properties, the 
loadings and the tube behavior under such 
loading; and, determine the mode@) of failure of 
the degraded tube and the resulting leak rate. 
This is required to determine the level of 
degradation beyond which credit can not be taken 
for pressure boundary integrity for a particular 
event (i.e. the tube is at risk of leaking). This is 
referred to as the Accident Specific Degradation 
Threshold Value (ASDTV). To determine the 
ASDTV, event specific loadings are considered. 
These loadings are obtained from thermal 
hydraulic analyses of each design basis event and 
include the appropriate factors of safety. The 
ASDTV is analytically calculated using flaw 
models which have been validated by suitable 
structural tests. 

Determine Number of Tubes at Risk of Failing 
by the End of the Operating Cycle. To predict 
how many tubes are likely to fail by the end of 
the operating cycle, the future condition of the 
tubes must be predicted by determining the 
present condition, the rate of change of the 
degradation and the duration of the operating 
period to the next inspection. In-service examin- 
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ation results and probability models provide an 
estimate of the future condition of the tubes. In 
the Bruce-A Unit 2 case the ODSCC was 
extremely difficult to detect and required the 
development of a new eddy- current inspection 
probe, called Cecco-3. This sensitive probe was 
a key factor in the success of the overall 
assessment. The impact of any remedial action 
on both the present condition and the rate of 
change is also included in the assessment. 

In the fitness-for-service assessment, a maximum 
tolerable flaw size (MTFS) is also calculated 
(based on ductile collapse of flawed tubes) and is 
used to establish the plugging criterion which 
considers the inspection interval, expected 
growth rate, and inspection uncertainty. The 
loadings considered for determining the MTFS 
are the loadings which represent bounding 
loading conditions for the ASME Service Levels 
A, B, C and D. The assessment then considers 
the future condition of the tubes and the 
calculated threshold value ASDTV to predict the 
total number of tubes at risk of leaking by the 
end of the operating cycle. 

Remedial Actions. To determine appropriate 
remedial actions, which could be corrective or 
preventive in nature, the degradation mechanism, 
the root cause and contributing factors must be 
thoroughly understood. Further, the impact of 
all remedial actions must be taken into account in 
the safety assessment. 

Total Estimated Consequential Leak Rate. 
The total Estimated Consequential Leak Rate is 
determined by evaluating the product of the total 
number of tubes at risk at the end of the 
operating cycle and the total leak rate per tube. 
Criterion (2) is satisfied if it can be shown, for all 
design basis events, that there are justifiable 
margins between the estimated consequential 
doses due to tube leaks and the applicable dose 
limits and that the overall post accident 
consequences remain acceptable. 

Fitness-for-Service Assessment. The steam 
generators in the unit are judged to be fit for 
continued service if criteria (1) and (2) are 
satisfied. If these relationships are not shown to 
be true then additional measures must be 
implemented to either further correct the situation 
(new plugging limits, internal modifications, 
cleaning, etc.) or shortening the operating 
interval and/or reducing the power levels. The 
assessment is then repeated. 

7.3.7 Regulatory Practices and Fitness-For- 
Service Guidelines in the Czech Republic 

Defective steam generator tubes with 80% or 
grcater wall thickness reduction have been 
plugged. This value was recommended by the 
manufacturer, Vitkovice, and has not been 
approved by the Czech regulatory body. 
Additional work to determine the final criterion 
is under way (burst testing). Leakage limits were 
developed and approved by the Czech regulatory 
body in 1993. 

7.3.8 Regulatory Practices and Fitness-For- 
Service Guidelines in France 

The measures taken by EdF and the French 
regulatory authority, DSIN, to prevent tube 
rupture or burst during normal, off-normal, or 
accident conditions are based on aggressive 
inspection and leak detection programs supported 
by defect type and location specific fitness-for- 
service criteria (Cochet 1989, Saudan 1992, 
Lemaire 1993). To find PWSCC in the roll 
transition region of steam generators susceptible 
to PWSCC, the hot leg side roll transition region 
of every tube is inspected during each outage 
using rotating pancake coil eddy-current 
equipment. To find PWSCC in the small radius 
U-bends, the U-bend region of all the tubes in the 
first row still in service and a sample of the tubes 
in the second row are inspected during each 
outage, using a flexible rotating coil (susceptible 
steam generators). To find outside diameter 
IGSCC/IGA at the tube support plates, the hot 
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leg tube support plate locations are inspected 
during every other outage, using bobbin coil 
eddy-current equipment (susceptible steam 
generators). Follow-up inspections of affected 
tubes still in service are performed during the 
next outage. Also, 100% of the hot leg tube 
length in the sludge pile is inspected using bobbin 
coil eddy-current equipment every other outage. 
The accuracy of the examination techniques are 
assessed by comparing the measurements to the 
results of pulled tube destructive examinations 
(more than 350 to date). 

The primary-to-secondary coolant system leak 
rate in EdF steam generators at plants that have 
experienced tube degradation is measured by 
both manual and nitrogen-16 monitors. The 
plant must be immediately shutdown when the 
nitrogen-16 monitor detects a leak greater than 
72 Uhr. The leak rates measured manually that 
require plant shutdown are: 

Steam generators not susceptible to PWSCC 
in the roll transition zones: 3 Q/hr 

Steam generators susceptible to PWSCC in 
the roll transition zones: 5 Pkr, an increase 
of 1 Uhr, or a difference between steam 
generators of 3 Uhr. 

These values are important because the French 
use, in part, a leak before risk of break approach 
for some defects which is based on the ability to 
"demonstrate that any risk of rupture of a tube 
under the most extreme operating conditions is 
necessarily preceded by an allowable leak under 
normal operating conditions, whose detection 
makes it possible to shut down the nuclear steam 
supply system as a preventative measure" 
(Gorman et al. 1994). Therefore, the French 
have developed leak rate models for predicting 
the expected primary-to-secondary coolant 
system leak rates of tubes with various defects. 
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The defect type and location specific fitness-for- 
service guidelines used in France are 
summarized, as follows: 

Axial PWSCC in the roll transition zone. The 
axial crack length limit is based on an analysis of 
crack growth and tube burst during a main steam 
line break, which is considered to be the design 
basis accident that imposes the highest loads. 
Correlations of critical crack length versus burst 
pressure have been developed from experiment. 
The analysis uses these correlations and the 
maximum tube diameter and minimum wall 
thickness, adverse mechanical properties, upper- 
bound temperatures and pressures, a conservative 
allowance for crack growth during the next 
operating cycle, and margin for NDE error. 
Safety factors are not applied. In developing 
these correlations, the French concluded that a 
crack with an end within the tubesheet where the 
tube is in contact with the tubesheet can 
propagate in an unstable manner in only one 
direction. The maximum allowable free crack 
length is 13mm, for the 900 MWe plants. A 
temporary criterion of 13mm has also been 
adopted for the 1300 MWe plants. A definitive 
plugging criterion will be established after 
completion of certain probabilistic risk studies. 

Circumferential PWSCC. Tubes with circum- 
ferential PWSCC must be plugged because (a) 
the leak before risk of break approach does not 
apply since the cracks are often not throughwall 
until the tube is close to rupture (i.e., the cracks 
tend to propagate around the tube first), and (b) 
the rotating pancake coil eddy-current detection 
limit is only about 50% of the wall thickness. In 
other words, the French do not believe that there 
is much margin between initial detection of 
circumferential PWSCC and possible rupture 
under extreme accident conditions. 
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PWSCC in the inner row U-bends. All tubes 
with indications measured with bobbin coil and 
flexible rotating coil eddy-current equipment 
must be plugged. This is because it is almost ' 

impossible to pull tubes and develop correlations 
of actual crack length versus NDE results and 
prove that leak before risk of break applies. 
Preventive plugging of tight U-bend tubes 
susceptible to PWSCC was carried out at several 
French units to improve the availability of the 
plants. 

Outside diameter IGSCClIGA at tube support 
plates. The repair or plugging criteria is a 
bobbin coil voltage of 2 volts, which corresponds 
to approximately 17 volts in the US.. This 
rather large limit (as compared to a typical U.S. 
repair criteria of 1 to 2 volts) is due to the 
assumption that the tubing will be supported in 
those regions by the tube support plates during 
various design basis accidents. The 17 volt value 
was apparently obtained from an experimental 
correlation between bobbin coil eddy-current 
voltage and tubing burst strengths with support 
plates present, plus a voltage value for the 
expected crack growth during the next operating 
period, plus an allowance for measurement error. 
A more conservative value (1 volt) is used for 
defects at the higher tube support plate elevations 
of some steam generators (e.g. the model 51A). 

' 

Outside diameter IGSCC/IGA in the sludge 
pile. A bobbin coil eddy-current voltage of 
500mV without an axial crack, or 200mV with 
an axial crack of lOmm or greater (detected by 
rotating pancake coil), or any ODSCC indication 
from both bobbin coil and rotating pancake coil 
equipment, are the repair or plugging limits for 
IGSCC/IGA in the sludge pile. 

Other indications. All other indications except 
those discussed above, including wear caused by 
foreign objects, AVBs, etc., and free-span 
defects are judged against the ASME 40% of 
wall criterion. 

NUREG/CR-6365 200 

7.3.9 Regulatory Practices and Fitness-For- 
Service Guidelines in Germany 

The repair or plugging criteria in the Federal 
Republic of Germany are designed to prevent 
rupture during normal operation or design basis 
accident loadings (Azodi et al. 1987). Defected 
steam generator tubes are evaluated on a case by 
case basis.' However, wall degradation of 50% 
or greater generally results in plugging. This 
value was obtained from burst test results and: 

a measurement uncertainty of + 10 % for 
eddy-current testing and about +5 % for 
ultrasonic examinations 
a factor of safety of 2.7 against rupture 
during normal operation and 1.43 against 
rupture during design basis accident loadings 
an operational allowance for crack growth or 
additional wastage during the next operating 
period of about 3% of the wall thickness 
(steam generators with phosphate water 
chemistry). 

7.3.10 Regulatory Practices and Fitness-For- 
Service Guidelines in Japan 

The fitness-for-service guideline issued by the 
Japanese Ministry of International Trade and 
Industry is simply steam generator tubing "flaws 
are not allowed" (Shizuma 1992). The term 
"flaw" is interpreted to mean any indication 
(crack, pit or general wall thinning) greater than 
20% of the nominal wail thickness. Obviously, 
primary-to-secondary coolant system leakage is 
not allowed and a plant with a leak must be 
immediately shut down upon detection of the 
leak. Indications of degradation with a depth less 
than 20% are considered acceptable if the eddy- 
current signal shows no change from the previous 
inspection. Preventive plugging of tight U-bend 
tubes susceptible to PWSCC has been performed 
at two units. 
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7.3.11 Regulatory Practices and Fitness-For- 
Service Guidelines in Russia 

The fitness-for-service guideline currently used in 
Russia (and presumably in the rest of the former 
Soviet Union) is no steam generator tubing 
leakage. All tubing with throughwall cracks 
which cause detectable primary-to-secondary 
coolant system leakage are plugged. All other 
defect indications are ignored. There has been 
no sleeving in the VVER steam generators. 

7.3.12 Regulatory Practices and Fitness-For- 
Service Guidelines in Slovenia 

The fitness-for-service guidelines in Slovenia 
were traditionally based on the 40% tube wall 
loss repair criterion. For the power plant located 
in KrSko, a plant specific value of 45% was 
derived and implemented. However, this 
approach was considered overly conservative 
which lead to the implementation of the 
degradation specific guidelines outlined below. 
The defect type and location specific approach is 
mainly based on extensive inspection (see section 
7.1.7) and additionally supported by on-line leak 
detection monitoring (nitrogen- 16) and allowable 
leak rates of 40 Phr per steam generator. 

Axial stress corrosion cracking in the roll 
transition area. The P" and crack length repair 
criteria are currently implemented. The P" 
criterion allows for any defects located at least 38 
to 76mm (depending on the position of the tube) 
below the top of tubesheet and for axial defects 
anywhere inside the tubesheet. The crack length 
repair criterion is actually based on the Belgian 
approach described above and allows for axial 
cracks in the expansion transitions, and for both 
PWSCC and ODSCC in the sludge regions, if the 
axial cracks are shorter than 6 mm. An 
additional restraint is that tubes with cracks 
located more than 7mm above the tubesheet have 
to be repaired if the 45 % criterion is violated. 
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Circumferential stress corrosion cracking in 
the roll transition area. Any tube with detected 
defects of this kind is to be repaired or plugged. 

PWSCC in the inner row U-bends. Any 
detected defect triggers repair or plugging of the 
tube. 

ODSCC at tube support plates. Recently, a 
conservative version of the EPRI based voltage 
methodology has been implemented for ODSCC 
at the tube support plates. Initially, 100% of the 
tubes are inspected using a bobbin coil probe. 
All bobbin coil indications with a signal 
amplitude exceeding 1 volt and depth reading 
exceeding 45% are inspected again using a 
multifrequency rotating pancake coil probe. 
Tubes with defects confirmed by multifrequency 
rotating pancake coil probes are then repaired. 
Probabilistic analyses addressing events of tube 
burst and excessive leakage during a steam line 
break were performed and are currently being 
refined to support the implementation of this 
approach. 

Other. Tubes with defects exceeding the 
traditional 45% loss of tube wall thickness are 
repaired. 

Sleeved tubes. All sleeved tubes and all sleeves 
are inspected during each outage. A 45 % loss of 
tube wall thickness criterion is applied for both 
the intact part of the tube and the load carrying 
portion of the sleeve. In practical terms this 
means repair of all tubes with detected 
indications, as no wall depth readings can be 
obtained from the I-coil and Plus-Point eddy- 
current probes. 

7.3.13 Regulatory Practices and Fitness-For- 
Service Guidelines in Spain 

A research program was launched in Spain to 
manage steam generator degradation. Partici- 
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pants included the utilities, manufacturers 
(ENSA), inspection agency (Tecnatom), and 
research centers (Ciemat) (Bollini 1993). The 
fundamental objective of the Spanish fitness-for- 
service criteria is the same as the French criteria, 
that is to assure that the critical crack length 
under accident conditions is not exceeded during 
normal operation, so that tube rupture will not 
occur during a design basis accident. Defect type 
and location specific fitness-for-service criteria, 
along with aggressive inspections of defected 
steam generators, are used. 

The Spanish defect type and location specific 
fitness-for-service guidelines are discussed 
below. 

Axial PWSCC in the roll transition area. Two 
guidelines are used, the first is the P* criterion, 
which allows a tube with axial PWSCC to remain 
in-service if the indication is below the top of the 
tubesheet and motion in the vertical direction is 
controlled by an essentially nondefective tube. 
The second guideline is based on the French leak 
before risk of break approach which assumes that 
accurate leak rate measurement during normal 
operation will detect crack growth before the 
crack reaches the critical length. Primary-to- 
secondary coolant system leak rate correlations as 
a function of crack size are, of course, needed 
for this approach and were based on the French 
work, modified with Spanish data. The largest 
allowable crack length is 8 mm, which is based 
on a critical crack length of 13 mm (12.6 mm 
when the rolling is non-standard) less an upper 
bound crack growth of 4 mm per fuel cycle and 
a measurement uncertainty of 1 mm. All tubes 
with indications equal to or longer than 8 mm 
(7.6 mm in the case of non-standard rolling) must 
be repaired or plugged. The maximum number 
of parallel axial cracks in a tube is 20. Tubes 
with axial PWSCC more then 18 mm above the 
tubesheet must be repaired or plugged when the 
defect is deeper than 40% of the wall thickness. 

Circumferential PWSCC in the roll transition 
area. Tubes with circumferential PWSCC in the 

roll transition area or above the P* criterion limit 
must be repaired or plugged. The P* criterion 
allows tubes to remain in-service if the 
circumferential indication is located 38mm or 
more (for most of the non-peripheral tubes) 
below the top of the tubesheet and motion in the 
vertical direction is controlled by an essentially 
non-defective tube. 

Outside diameter IGSCC/IGA at the tube 
support plates. The Spanish utilities have 
proposed a fitness-for-service guideline of 78 % 
of the wall thickness for these defects. The 
Spanish regulatory agency Consejo de Seguridad 
Nuclear has not yet approved that criteria and the 
Spanish utilities are considering the EPRI bobbin 
coil voltage criteria discussed above. 

Other indications. The plugging criterion for 
fretting damage at the antivibration bar 
intersections is 55% of the wall thickness. All 
indications other than the defect type and location 
specific defects discussed above are judged 
against the ASME 40% of wall thickness criteria. 

The maximum primary to secondary leak rate for 
steam generators with susceptible tubing is 
limited to 5Uhr above a steady leak rate at the 
beginning of the cycle of 5P/hr or less. The 
maximum primary to secondary leak rate for 
steam generators with Alloy 800M or thermally 
treated Alloy 600 tubing is 72Plhr (1728 [/day) 
during normal operation. 

7.3.14 Regulatory Practices and Fitness-For- 
Service Guidelines in Sweden 

The starting point for the Swedish fitness-for- 
service guidelines are the U.S. requirements, 
except that the tubes must be repaired or plugged 
when the defect indication is greater than 50% of 
the wall thickness, rather than the 40% specified 
in the ASME code. However, defect type and 
location specific requirements have been 
developed for axial PWSCC in the tubesheet 
region and outside diameter IGSCC/IGA at the 
tube support plates. 
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The Swedish approach for judging axial PWSCC 
in the tubesheet region is probabilistic or risk 
based in nature (Hedner 1992). The objective is 
to limit the probability of steam generator tube 
burst during a main steam line break to less than 
1 % , Le., the sum of all tubes with an indicated 
crack length, times the probability of burst for 
that crack length, must be less than 0.01. 
In equation form: 

Cp.,P, < 0.01 

where p, is the number of cracks of length x and 
P, is the probability of burst or rupture of a tube 
with a crack of length x. The probability of burst 
includes the expected crack growth during the 
next fuel cycle and measurement error and varies 
as a function of crack length and distance above 
the tubesheet. For example, a 12.4mm crack is 
calculated to have a probability of burst of 1 %, 
a 9mm crack is calculated to have a probability 
of burst of 0.34%, and 6 mm crack is calculated 
to have a probability of burst of 0.0001 % . Only 
the lengths of cracks above the tubesheet are 
considered. Tubes with axial cracks below the 
top of the tubesheet can remain in-service without 
repair. Tubes with circumferential PWSCC can 
remain in-service when the cracks are below the 
P* distance (38mm below the top of the 
tubesheet). Tubes with circumferential PWSCC 
above the P* distance must be repaired or 
plugged. 

Outside diameter IGSCCiIGA indications at tube 
support plates with depths up to 70% of the wall 
thickness can remain in-service provided that the 
indication is within the length of the tube support 
plate and is in the lower five tube support plates. 
These limits are based on tube burst testing with 
a tube support plate present and analysis to 
determine tube support plate deflection during 
design basis accidents. Defects at the upper tube 
support plates are allowed when the bobbin coil 
voltage is less than 1.5V. 

7.3.15 Fitness-For-Service Guidelines in 
Switzerland 

The repair criteria used by the Swiss utility 
(NOK) is that all tubes with clear indications 
within the tubesheet, independent of their depth, 
will be sleeved and all tubes with indications 
outside the tubesheet and greater than 50% of the 
wall thickness will be plugged. Multifrequency 
bobbin coil eddy-current equipment is used 
outside the tubesheet region and rotating pancake 
coil eddy-current equipment is used for 
supplemental examination of indications within 
the tubesheet. 
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8. STEAM GENERATOR TUBE DEFECT DETECTION 
RELIABILITY AND SIZING ACCURACY 

A typical PWR plant has two to four steam 
generators each with a total tube surface area of 
about 2,500 to 12,000 m2 (25,000 to 130,000 
ftz). Eddy-current testing is well suited for 
inspecting thin-walled tubes with large surface 
areas, because it offers both very high scanning 
speed and high sensitivity. In addition, eddy- 
current testing does not require direct contact 
with the test material and, therefore, a coupling 
medium is not necessary. Also, eddy-current 
inspections can be easily automated. 

However, eddy-current inspection of steam 
generator tubes has faced two types of challenges 
that have made reliable detection of defects 
difficult: appearance of newer and much more 
subtle forms of degradation in the aging steam 
generator tubes, and the presence of a variety of 
design features and deposits on the outside 
surface of the tubes which produce signals that 
mask the responses produced by the defects. In 
the last 25 years, steam generator tubes have 
been damaged by wastage, denting, intergranular 
attack and intergranular stress corrosion 
cracking, pitting, high-cycle fatigue, fretting, 
erosion-corrosion, and corrosion fatigue on the 
secondary side and primary water stress 
corrosion cracking on the primary side. The 
geometry of damage caused by these degradation 
mechanisms can be complex and different. Wall 
thinning caused by wastage results in a large 
change in volume, stress corrosion cracks and 
pitting are small-volume flaws, and the damage 
caused by denting results in a significant 
deformation of the tube cross-section. Some of 
the flaws are shallow and others are deep and 
they initiate from either the outside or inside 
surface, or both. Generally flaws found at a 
given location have primarily been either axial or 
circumferential, but in some instances both axial 
and circumferential flaws are found at the same 
location and flaws with other orientations have 
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also been found. Tight spacing between pits also 
makes interpretation of eddy-current test signals 
difficult. 

The various steam generator designs introduce 
several features that make eddy-current 
inspection difficult. These features include the 
roll-transition region where the diameter of the 
tube and its wall thickness are continuously 
changing, the U-bend region where the tube 
cross section is somewhat elliptical instead of 
circular, a thick tubesheet [typically 0.53 to 
0.6-m (21 to 23.5-in.) thick] to which the tube 
ends are welded and which also constitutes a 
boundary between primary and secondary 
coolants, structures to support the tubes at 
different elevations, AVBs to support the rubes in 
the U-bend region, and baffle plates to support 
the tubes within the economizer. Two additional 
design features are present in some steam 
generators, a crevice in the tubesheet region, 
typically 0.15-mm (0.006-in.) wide radial gap, 
and a small annular gap between tube and 
support plates with drilled holes. Cold work 
present in the roll transition and U-bend regions, 
especially the U-bends of the first few rows, also 
affect eddy-current inspection results. 

Deposits on the secondary side of the tubesheet 
or adhering to the outside surface of the tubes 
also make eddy-current inspection difficult. 
Corrosion of the carbon steel components in the 
secondary feedtrain, dissolution of heat 
exchanger tubing, and condenser leakage are the 
main sources for the sludge deposited on the 
tubesheet and tubes. The sludge includes 
magnetite, which is ferromagnetic and has a high 
permeability and affects the impedance of the 
eddy-current coil. The sludge often includes 
copper, which has a high conductivity. Copper 
plating on a tube provides a strong eddy-current 
signal, which can mask the presence of pits. 



Several different mitigation and repair techniques 
used for steam generator tubes also pose 
challenges to the eddy-current inspections. Shot 
peening and nickel plating have been used to 
reduce the susceptibility of steam generator tubes 
to PWSCC. Shot peening introduces cold work 
on the surface. Nickel is ferromagnetic and has 
high permeability. Sleeves have been used for 
tube repair and plugs have been used to take 
tubes out of service. Inspection of the portion of 
the parent tube covered by a sleeve and 
inspection of plugs also places new requirements 
on the eddy-current probes. 

This section first describes the conventional 
eddy-current technologies and includes a 
discussion of the principles of eddy-current 
inspection, basic probes and their characteristics, 
and multifrequency/multiparameter inspection 
techniques. Then the advanced eddy-current 
probes including motorized rotating pancake 
coils, array probes, transmitheceive probes, and 
I-coils and Plus-Point probes (for sleeve 
inspection) are discussed. Next, inspection of 
sleeved tubes, nickel plated tubes, and tube plugs 
is discussed. The need for and use of ultrasonic 
inspection techniques are discussed next. The 
limitations of the inservice inspection methods 
(accuracy and reliability) are summarized. 
Finally summary and conclusions are presented. 

8.1 Conventional Eddy-Current Techniques 

Because eddy-currents are sensitive to many 
parameters, eddy-current testing is extremely 
versatile and can be used to sense and test many 
aspects of a material. However, this advantage 
also has a negative aspect. Irrelevant parameters 
can mask the desired information and cause 
misinterpretation of the test results. Therefore, 
all the factors that affect probe impedance must 
be considered and a high level of analyst training 
and expertise is critical in recognizing these 
factors. Also, eddy-current inspections are based 
on indirect measurements and, therefore, 
correlations between the instrument readings and 
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the defect location, orientation, and size, and 
other structural characteristics of the component 
being inspected must be carefully and repeatedly 
established. 

8.1.1 Principles of Eddy-Current Testing 

The basic eddy-current system consists of a test 
coil, an alternating current source (or oscillator), 
and instrumentation to sense changes in the coil 
caused by changes in the magnitude and phase of 
the eddy-currents within the test material. 
Typical frequencies for steam generator tube 
inspection range from 10 kHz to 1 MHZ (EPRI 
NDE Center 1987). 

The alternating electric current in a test coil 
produces a time-varying primary magnetic field 
that surrounds the coil. The magnetic field is 
oriented normal to the current in the coil or 
parallel to the coil's axis. When the primary 
magnetic field comes in the vicinity of a 
conductive medium, secondary electric currents, 
called eddy-currents, are produced through the 
process of electromagnetic induction. The eddy- 
currents flow normal to the direction of the 
magnetic flux and parallel to the direction of the 
electric current in the test coil. The eddy- 
currents, in turn, produce a secondary magnetic 
field in the material, which opposes the primary 
magnetic field and reduces its net magnetic flux. 
This reduction in the primary field of the test coil 
causes a change in the coil's impedance. Any 
variation in the material that impedes the flow of 
the eddy-currents, such as a discontinuity in the 
material or changes in the conductivity or 
permeability of the material, produces changes in 
the primary and secondary magnetic fields and 
thereby alters the test-coil impedance. The 
change in the impedance is sensed by the 
associated instrumentation. 

Factors that influence the magnitude and path of 
the eddy-currents are the coil impedance, the 
electrical conductivity and magnetic permeability 
of the test material, the lift-off and fill factors 
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(defined below), and the amplitude and frequency 
of the applied field. Impedance is the total 
opposition a coil presents to an alternating 
current. Impedance (Z) is a vector quantity and 
has two components: the resistance of the wire, 
R, and the inductive reactance, XL. The 
magnitude of the impedance is given by 
Z = (R2 + X,‘)“, and the associated phase angle 
8 is equal to Tan-’(XL\R). The conductivity of 
Alloy 600 is 1.7% IACS and its relative 
permeability is 1.0 since this material is not 
ferromagnetic. Changes in the spacing between 
the coil and the part being inspected alter the 
eddy-current signal, and are called lift-off. The 
lift-off effect produced by small changes in 
spacing can mask the eddy-current response from 
defects that are of primary interest. For a bobbin 
type coil, a condition comparable to lift-off is 
known as a fill factor, which measures how well 
the test coil fills the inside of the tube being 
inspected. A small change in the inside diameter 
of the tube can produce a large change in the 
eddy-current signal. 

Additional factors specific to inspection of steam 
generator tubes are cracking, deformation of the 
tube cross-section (Le., denting the tube, 
expansion in the transition region, etc.) and wall 
thinning. These factors affect the primary 
magnetic field and the flow of the eddy-currents 
in the tubes. The presence of a tubesheet, 
support plates (nearby, but not necessarily in 
contact), and material deposits also affect the 
flow of eddy-currents. 

The most common method for measuring the 
impedance changes in a steam generator eddy- 
current inspection coil is an impedance plane 
analysis. As mentioned, the coil impedance is 
the vector sum of the resistance and the reactance 
and therefore, can be plotted and displayed using 
an X-Y storage oscilloscope or the equivalent 
(Hagemaier 1983). Modern instruments use a 
flying-dot approach to display the phase and 
amplitude of the impedance change. The 
resulting data that is traced on the display is 
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called a Lissajous signal and is shown in 
Figure 85. 

Penetration, Frequency, and Phase Lag. 
Eddy-currents are not uniformly distributed 
within the test sample but are concentrated at the 
near surface, that is, the inside surface of the 
tube. The density of eddy-currents decreases 
exponentially with depth in the material. This is 
called the skin effect and can be explained as 
follows: eddy-currents flowing at any depth in 
the tube produce secondary magnetic fields which 
oppose the primary field, thus reducing the 
magnetic flux of the primary field at a greater 
depth, which in turn induces eddy-currents of 
smaller density. Eddy-current penetration is a 
function of the material conductivity and 
permeability, and the test frequency of the 
inspection coil. Since conductivity and 
permeability are material properties that cannot 
be changed, frequency is the primary operating 
variable and can be optimized to meet the 
inspection objective. For eddy-current testing, 
penetration power is normally determined in 
terms of the standard depth of penetration (6) and 
is defined as the depth at which the density of the 
eddy-currents is reduced to 37% of that at the 
surface. It can be calculated as follows: 

6 = 1.98(p/fp,,)” mm, 

where p is the material resistivity (pohm-cm), f 
is the test frequency (hertz), and pre, is the 
relative permeability (a dimension-less quantity 
and equal to 1 for non-ferromagnetic tubing). 
The attenuation of the eddy-current density with 
depth implies that defects located at different 
depths will change the probe impedance by 
different amounts. So, the amplitude of the 
eddy-current signal from a large subsurface 
defect could be similar to the signal from a small 
surface defect. Therefore, additional information 
is generally needed to determine the severity of 
a defect. This problem is addressed by 
measuring both the amplitude and phase angle of 
the signal. Measurement of the phase angle is of 
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Figure 85. Typical eddy-current signal displayed on a cathode ray tube (Courtesy of M. Klatt, Zetec, 
Inc.). 

prime importance because it permits charac- 
terization of certain defects as well as a reliable 
estimation of their depth. 

Eddy-currents are not generated simultaneously 
throughout the test part, but require time to 
penetrate the material. This difference in time or 
phase lag is a key analysis factor for determining 
crack location (inside versus outside) and depth. 
It is generally expressed as: 

e = X/6 

where 8 is the phase lag angle in radians and X 
is the depth within the material. At the depth of 
X=6, the resulting phase lag is 57 degrees. 

For thin-walled tubing, a frequency is often 
selected to provide a sufficient eddy-current 
density at both the inside and outside surface for 
crack detection, but another frequency is selected 

to provide an adequate phase separation to 
resolve near surface and far surface indications. 
The frequencies are determined by considering 
the material thickness and calculating the 
penetration of eddy-currents within the material. 
As an example, a high frequency can be used to 
selectively examine near surface regions. 
Conversely, low frequencies can be used if 
additional penetration is needed. However , when 
low frequencies are used, sensitivity is sacrificed 
and it may not be possible to detect small flaws. 

8.1.2 Basic Probes 

The heart of an eddy-current inspection system is 
the probe. Selection of a coil configuration is 
crucial for a reliable inspection. For crack 
detection, the inspection coil must be configured 
such that eddy-currents are generated normal to 
the crack orientation to maximize the response 
from the crack. For steam generator tube 
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inspection, there are two basic probe types. 
Bobbin coils and surface or pancake coils. The 
bobbin coil is generally used, but its major 
limitation is that it cannot reliably detect 
circumferential cracks. Conversely, the pancake 
coil is capable of detecting cracks at all 
orientations, including circumferential cracks. 
There are several variations of the surface coil 
design that will be discussed later in the section. 

Bobbin Coils. A typical bobbin coil is shown in 
Figure 86 (ASM 1989). Bobbin coils have long 
been a mainstay for steam generator inspection 
because of their mechanical reliability and rapid 
inspection rates. The coil's axis is parallel to the 
tube axis and the current flows in a circumferen- 

tial direction. The resulting primary magnetic 
field is oriented along the tube axis, and the flow 
of eddy-currents induced in the tube is along the 
circumferential direction, parallel to the current 
in the test coil. Therefore, bobbin coils are 
sensitive to the presence of axial cracks, which 
impede the flow of the eddy-currents, but are 
much less sensitive to circumferential cracks. 
However, a bobbin coil may not detect an axial 
crack if it is present in the region of major 
geometry change such as roll transition region. 
Bobbin coils are also sensitive to volumetric 
discontinuities such as wastage, pitting, and 
fretting. An advantage of bobbin coils is that a 
360-degree segment of the tube is examined at 
the same time. However. resolution and discon- 

i 
\ 

Toroidal reference coil 
Push tube 

Figure 86. Eddy-current bobbin probe with flexible wafter guides, used for inspection of steam generator 
tubesheet rolled joints (ASM 1989). Copyright ASM International, reprinted with permission. 
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tinuity characterization (type, number, sizing, 
etc) are limited because of this design (Clark 
1993). 

The eddy-current probes are operated at frequen- 
cies that offer the highest signal-to-noise ratio. 
This ratio is determined by operating the eddy- 
current instrument over a wide frequency range 
and monitoring the probe signal responses from 
samples containing known flaws and the noise 
responses from extraneous sources such as 
support plates, dents, and copper deposits. In 
one case, the probes were operated over a 100 to 
800 kHz frequency range. The results showed 
that signal-to-noise ratio from large volume flaws 
peaked at 300 k€€z and the signal-to-noise ratio 
from small-volume flaws peaked at 200 kHz. 
The results also showed that at any frequency 
between 100 to 800 H z ,  a dent signal is greater 
than a flaw signal, which was evident from the 
flaw signal-to-noise (dent signal) ratio of less than 
1.0 (Krzywosz 1990). 

Laboratory test results show that an optimal 
signal response is obtained when the operating 
frequency of the probe is near its resonance. For 
conventional bobbin coils, the resonant frequency 
is about 300 kHz, and the optimal operating 
frequency is in the range of 200-300 kHz. Large 
volume flaws, including volumetric defects 
(wastage, wear, etc) and axial flaws, result in a 
maximum signal-to-noise ratio at 300 kHz, and 
circumferential and smaller volume flaws of less 
than throughwall penetration result in a 
maximum signal-to-noise ratio at 200 kHz 
(Krzywosz 1990). 

In addition, bobbin coil sensitivity to three 
different defects was measured: varying depths 
of 0.25-in. long axial notches; varying depths of 
90-degree circumferential notches, and varying 
lengths of throughwall circumferential fatigue 
cracks. The signal amplitude was used to 
evaluate the sensitivity. The results show that 
bobbin coils, when operated at 300 kHz 
frequency, are most sensitive to throughwall axial 
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flaws and least sensitive to fatigue cracks and 
circumferential notches (Krzywosz 1990). 

Absolute and Differential Probes. The eddy- 
current bobbin probes normally use two coils 
which are located in adjacent arms of a bridge as 
shown in Figure 87a (Cecco and Van Drunen 
1985). If one of the coils is a test coil and 
another one a reference coil, as shown in 
Figure 87b, it is an absolute probe. If both coils 
sense the material under test equally, as shown in 
Figure 87c, it is a differential probe. Absolute 
probes respond to all variables that affect eddy- 
current flow, such as conductivity, magnetic 
permeability, and defects. In contrast, 
differential probes compare adjacent material 
sections. When the test conditions for one of the 
coils is altered, an unbalance between the two 
coils occurs and this unbalance is used as an 
indication of the material condition. The 
absolute probe responds to both sudden and 
gradual changes in properties and dimensions and 
responds along the entire length of the defect. In 
contrast, the differential probe is not sensitive to 
gradual changes in properties or dimension and 
can only detect the ends of long defects and may 
miss a long gradual defect entirely. The absolute 
probe is prone to drift due to temperature 
changes, whereas the differential probe is not. 
The absolute probe is more sensitive to probe 
wobble than the differential probe. Both absolute 
and differential probes are used for inspection of 
steam generator tubes. 

Figure 88 shows some typical common impe- 
dance plane eddy-current signals encountered 
during inspection of a calibration tube with an 
internal bobbin coil probe (Cecco and Van 
Drunen 1985). The test frequency is 250 kHz. 
Figure 88a shows the results from using an 
absolute probe and Figure 88b shows the results 
from using a differential probe. In this case, the 
signal from the defect has a phase angle between 
0 and 90 degrees, whereas signals from support 
plates or outside surface deposits have a phase 
angle greater than 90 degrees. The defects on 
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Figure 87. Schematic showing (a) the location of the probe coils in an ac bridge circuit, (b) an absolute 
probe configuration, and (c) a differential probe configuration (Cecco and Van Drunen 1985). Copyright 
Academic Press; reprinted with permission. 
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Figure 88. Eddy-current signals from a typical calibration tube using (a) an absolute probe and (b) a 
differential probe (Cecco and Van Drunen 1985). The tube material is Alloy 600, 12.7mm outside 
diameter by 1. lmm wall thickness, 250 MIz test frequency. Copyright Academic Press; reprinted with 
permission. 

the inside surface have a smaller phase angle, 
whereas defects on the outside surface have a 
phase angle near 90 degrees; the signals from 
through-wall defects fall between these two 
signals. As mentioned above, the phase angle for 
a given defect is not a fixed value and it can be 
increased or decreased by increasing or 
decreasing the test frequency. The phase angle 
of the signal provides an approximate indication 
of the depth of a defect. 

Even though a bobbin coil has an inherent 
capability for an accurate measurement of the 
length of an axial crack, existing probes do not 
normally provide sufficient accuracy for tubing 
integrity considerations. Therefore, a repeat 
inspection with a rotating pancake coil, which is 
discussed later, is normally performed to further 
characterize the axial extent of any defect (Clark 
1993). 
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Pancake Coils. Another basic probe type used 
for inspection of steam generator tubes is the 
surface or pancake coil as shown in Figure 89, 
which is designed to detect cracks at all 
orientations (Cecco and Van Drunen 1985). The 
pancake coil is a small-diameter coil, typically 2 
mm (0.08 in.) or 2.9 mm (0.115 in.) in diameter, 
spring-loaded to ride on the inside surface of the 
tube and minimize lift-off effects. The axis of 
the coil is normal to the tube surface. The 
primary magnetic field induced by the pancake 

coil is perpendicular to the tube surface and the 
resulting eddy-currents flow in small circular 
patterns parallel to the tube surface and in the 
same direction as the current in the test coil. The 
flow of these eddy-currents is impeded by crack- 
ing at any orientation (axial, circumferential, or 
branched). Because the pancake coils cover a 
relatively small area, they are extremely valuable 
for detailed sizing and characterization. A 2-mm 
pancake coil with a high frequency (200 to 600 
kHz) usually exhibits good sensitivity to inside 

C A B L E  
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Figure 89. A cross section of an eddy-current probe showing how the spring loaded pancake coil is 
arranged in an absolute mode (Cecco and Van Drunen 1985). Copyright Academic Press; reprinted with 
permission. 
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surface cracking (EPFU NDE Center 1987). But 
use of a low test frequency does not increase the 
eddy-current penetration of a 2-mm coil 
appreciably. So in addition to a low test 
frequency (100 to 400 Hz), a 2.9 mm- (0.115 
in.-) diameter coil is used for penetration to the 
outside surface. However, the sensitivity to 
small defects decreases because the ratio of the 
defect volume to the inspected volume becomes 
smaller as the diameter is increased. 

The 2- and 2.9-mm pancake coils can only 
interrogate a small region of the tube because of 
their small size and, therefore, complete 
coverage is a time-intensive process. For this 
reason, pancake coil examinations are usually 
limited to critical regions of the tube (e.g., at the 
tubesheet and at supports plates) or used to 
evaluate indications detected by bobbin coils. 
Practical automated systems using pancake coils 

have been developed to scan the complete 
circumference of the critical regions of a tube. 
Two such automated systems, rotating pancake 
coil and array probe, are discussed in Section 
8.2. 

Hybrid Coils. Hybrid coils can combine the 
characteristics of either bobbin coils or surface 
coils and are known more commonly as 
reflection, drivedpick-up, through transmission, 
and primaryhecondary probes. An example is 
shown in Figure 90 (Libby 1971). In general, 
hybrid coils operate in the transmit-receive mode 
where one coil induces eddy-currents into the test 
material, and the second coil senses the 
secondary field. In general, these types of 
probes are designed to meet specific application 
needs and have shown significant promise in 
steam generator tube examination. Probes using 
hybrid coils are further discussed in Section 
8.2.3. 

Figure 90. Typical differential hybrid coil arrangement (Libby 1971). Copyright 1971 John Wiley and 
Sons, Inc.; reprinted with permission. 
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8.1.3 MultifrequencyMultiparameter Eddy- 
current Methods 

Multifrequency/multiparameter eddy-current 
(MFEC/MPEC) methods employing bobbin coils 
are widely used for steam generator tube 
inspections. These methods provide more 
reliable detection and additional characterization 
information on the secondary side of the steam 
generator tubes in the presence of extraneous test 
variables such as the tubesheet or tube supports. 
The tubesheet and the tube supports produce 
large changes in an eddy-current signal 
(impedance response) that mask or modulate the 
changes produced by a defect. Denting of steam 
generator tubes, first reported in mid 1970s, also 
made reliable defect detection difficult and 
provided an impetus for the use of these new 
methods. The MFEC/MPEC methods isolate the 
changes produced by a defect (a wanted 
parameter) by suppressing the changes produced 
by other unwanted parameters such as support 
plates and denting. 

Fortunately, the response from each of the 
wanted and unwanted parameters is frequency 
dependent and can be identified and compensated 
for. Separation of wanted and unwanted 
parameters is commonly accomplished by 
combining the eddy-current signal obtained using 
a flaw detection test frequency with those from 
one or more lower and higher frequencies. A 
lower test frequency can provide better sensitivity 
to support plate and magnetic deposits that have 
accumulated on the tube outside diameter. On 
the other hand, testing at a higher frequency 
provides increased sensitivity to variations on the 
inside diameter of the tube. 

Analog or digital instrumentation can be used to 
combine signals from a number of frequencies, 
which should be at least equal to the total number 
of parameters. For example, using two different 
frequencies, the suppression of the support plate 
signal is carried out as follows. With analog 
instrumentation, the response from a carbon steel 
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ring simulating a support plate is obtained using 
a lower frequency channel. This lower- 
frequency response is rotated and scaled such that 
the resulting signal closely matches another 
response from the carbon steel ring obtained 
using a higher-frequency channel, which is 
generally used for flaw detection. Then, these 
two channels are combined in such a way that the 
unwanted signal from the simulated support plate 
is subtracted out. With digital instrumentation, 
the responses from the two channels can be 
matched and combined using analytical tech- 
niques on a computer to eliminate the unwanted 
support plate signal. One approach includes 
establishing simultaneous linear equations 
relating the parameters (independent variables) 
and instrument readings, which may be the 
magnitude and phase of the signal at each 
frequency. The equations are solved by a least- 
square method to determine the coefficients of 
the independent variables (Dodd and Deeds 
1981). 

Figure 91 shows an example of support plate 
suppression by using three different frequencies 
(Davis 1980, Davis 1981). Figure 91a shows a 
normal single frequency response from a 60% 
through-wall flaw at the outside surface away 
from the support plate. Figure 91b shows the 
same response when the flaw is located under the 
edge of a support plate. Changes in the signal 
produced by the support plate mask the changes 
produced by the flaw and it is difficult to 
characterize the flaw. Figure 91c shows the 
information resulting from the use of three 
frequencies and the MFEC/MPEC method, 
which suppresses the changes produced by the 
support plate. The MFEC/MPEC methods are 
also used for characterization of dents, profiling 
the inside diameter of tubes that have been 
expanded in a non-standard manner with 
mechanical rollers, and detection of sludge and 
conductive metal deposits (Davis 1981). 
However, the MFEC/MPEC methods cannot 
detect a shallow flaw on the inside surface if a 
significant fill-factor resulting from probe wobble 
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Figure 91. Example of support-plate suppression; (a) shows a normal single-frequency response from a 
60 % flaw, (b) shows the same response when the flaw is under a support plate, (c) shows the response 
of a three-frequency multi-parameter mix (Davis 1980). Copyright Electric Power Research Institute, Inc. ; 
reprinted with permission. 
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or inside surface irregularities is present. This 
limitation arises because the signal from a 
shallow flaw is indistinguishable from that of the 
fill factor for all normal test frequencies (Cecco 
and van Drunen 1985). 

Most eddy-current equipment manufacturers 
offer bobbin coils capable of performing 
inspections using MFEC/MPEC methods. The 
bobbin coils may be either absolute or 
differential, both of which are generally used. 
Multi-frequency scanning is accomplished either 
continuously or sequentially. With the 
continuous method, the desired test frequencies 
are superimposed in the driving current and 
impressed on the coil simultaneously. The 
resulting output from the coil is then separated 
using bandpass filters to extract the response 
from each of the individual inspection 
frequencies. With the sequential method, 
individual test frequencies are induced through 
multiplexing, which involves rapidly switching 
between frequencies (ASM 1989). 

In summary, the main reason for using the 
MFEC/MPEC methods is to perform a rapid 
bobbin coil inspection of a tube with more 
reliable detection and additional characterization 
information, by suppressing the unwanted 
parameters. Scanning time can be minimized and 
wanted and unwanted parameters can be 
discriminated without the need for multiple scans. 
Moreover, rotating pancake coils, which are 
discussed next, are generally used for detailed 
characterization of damage, including sizing of 
steam generator tube defects. 

8.2 Advanced Eddy-Current Techniques 

The basic eddy-current probes were discussed in 
the previous section. Due to increasing demands 
for reliable steam generator inspection methods, 
a variety of new probes have been developed to 
address a range of flaw types and orientations, 
and to overcome interfering conditions (i.e., 
tubesheets, tube denting, sleeving, etc.). A 

number of the more prevalent techniques are 
presented here. 

8.2.1 Rotating Pancake Coil 

The rotating pancake coil probe is an automated 
probe for eddy-current inspection. Inspection of 
a larger region of a steam generator tube can be 
done in a shorter time than required by the 
manual pancake coil discussed in Section 8.1.2. 
During the inspection, the probe is rotated by a 
motor while it is pulled through the tube. The 
result is a helical scan pattern as shown in 
Figure 92. The original rotating pancake coil 
consisted of three coils: a 2 mm- (0.080 in.-) 
diameter, shielded pancake coil and two 
directional coils, all of which were spring-loaded 
to ride on the inside surface of the tube as shown 
in Figure 93. Industry considers that the pancake 
coil is the primary inspection coil whereas the 
directional coils are supplementary coils that 
provide information on the orientation of the 
crack (Siegal and Klatt 1994). The directional 
coils are essentially pancake coils standing on 
edge such that the flow of the eddy-currents is 
either in the axial or circumferential direction 
only. Data from all three coils should be 
evaluated. 

The 3-coil rotating pancake coil was originally 
developed for the detection and sizing of 
cracking initiating on the inside surface, but was 
not effective for detecting shallow outside 
diameter flaws because, as discussed earlier, the 
2 mm diameter pancake coil did not produce a 
sufficient eddy-current density near the outside 
surface. A modified version was thus developed 
for outside diameter crack detection in the free- 
span regions. In this probe, a larger diameter 
coil [2.9 mm (0.115 in.)] without shielding is 
used to improve penetration to the outside 
surface. Inspection using this probe was 
performed at Palo Verde, Arkansas Nuclear One, 
and Prairie Island during 1993-94. Field 
experience shows that this coil has better 
sensitivity to shallow outside diameter flaws, but 
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Figure 92. Illustration of a motorized rotating pancake coil helical scan (Courtesy of M. Klatt, Zetec, 
Inc . ) . 
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F m e  93. Schematic of a shielded 3-coil motorized rotating pancake coil probe (Siegal and Klatt 1994). 
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some resolution may be sacrificed for inside dia- 
meter cracking caused by PWSCC. This reduced 
resolution is due to the larger coil size, lack of 
shielding, and greater concentration of eddy- 
currents at the outside surface (Siegal and Matt 
1994). 

EdF has developed a flexible rotating pancake 
coil probe for inspection of the bent portions of 
the U-tubes, mainly the small radius bends in 
Rows 1 and 2. The probe is used in absolute 
mode. This probe is more reliable than a bobbin 
coil probe and provides better detection and 
characterization of defects such as cracks. EdF 
has also designed a 10-meter rotating pancake 
coil probe for inspection of the straight portion of 
the tubing. The performance of this probe with 
regard to detection and characterization of 
defects is identical to that for the rotating pancake 
coil probe. 

Complete coverage of the steam generator tube 
with a rotating pancake coil probe can be a time 
consuming process. Therefore, the rotating pan- 

cake coil is generally used to screen indications 
identified with a bobbin coil, or to scan only 
critical regions of a tube. 

8.2.2 Array Probes 

An alternative method of deploying pancake coils 
is to use an array of pancake coils. Most of the 
commercially available probes are named by the 
coil arrangement, Le., 8 x 1 or 8 x 2. The 8 x 1 
coil arrangement has eight equally spaced, 
surface riding coils arranged around the 
Circumference. This arrangement offer the 
advantage of scanning the full tube circumference 
with a scan speed similar to that of a bobbin coil. 
However, because of the equal spacing of the 
coils, coverage gaps are present between the 
coils, and the 8 x 1 probe is susceptible to 
missing indications (especially axial indications). 
A seemingly obvious solution to this problem is 
to use the 8 x 2 array probe, in which one row of 
coils is off-set by 22.5 degrees from the other 
row and the two rows are located at different 
axial positions, as shown in Figure 94. 

\ \ \ \ \ \  \ \ \ \  \ \ \ \  \ \ \ \ \ \ \ \  

\ \ \ \ \  \ \ \ \ \ \ \ \ \ \ \ \ \ \  

Figure 94. A multiple coil probe for detecting circumferential cracks in steam generator tubing (Cecco 
and Van Drunen 1985). The two rows of coils are staggered. Copyright Academic Press; reprinted with 
permission. 
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Theoretically, complete coverage can be obtained 
this way. However, each additional coil adds to 
the complexity of the probe and the potential for 
failure, and more complex instrumentation is 
required to operate the coils simultaneously. In 
addition, the data from each coil must be 
analyzed. 

Array probes have a higher sensitivity to 
intergranular attack and circumferential cracking 
and a reduced sensitivity to tube denting, as 
compared to bobbin coil probes. The 
commercially available array coils were 
redesigned to operate at a higher resonant 
frequency for improved inspection of the inside 
surface of the tube, and reduced sensitivity to the 
conditions at the outside surface such as deposits 
(Lareau and Sapia 1987). An array probe with a 
set of eight contactless pancake coils, spaced 45 
degrees apart, has also been designed to measure 
the inner profile of a tube. Each coil measures 
the distance between the inner surface of the tube 
and outer surface of the probe. This probe 
records a complete inner tube profile with a 
diameter accuracy of 2 0.02 mm. It can detect 
a missing roll in the expanded area of the tube. 
This probe can also be used for accurate sizing of 
dents (Dobbeni 1991). 

Array probes are susceptible to lift-off due to 
probe wobble, Lift-off problems can be 
minimized by spring-loading each coil, but this 
creates a problem with coil wear and adds to the 
complexity of the probe. A potential 
improvement in this area is the balloon probe 
being developed at Westinghouse (Clark 1993). 
In this probe, the coils are imbedded in a plastic 
housing and inflated with water or air pressure to 
maintain constant contact. 

In one test of the relative sensitivity of bobbin 
coils, rotating pancake coils, and array coils, it 
was found that array probes offer higher 
sensitivity, that is, produced greater signal 
amplitudes from several different discontinuities. 
However, among all the probes tested, a single 

rotating pancake coil is preferable for flaw 
detection due to its superior signal-to-noise ratio 
(Krzywosz 1990). 

8.2.3 TransmWReceive Probes 

Transmitheceive probes are hybrid probes that 
use one coil (transmit coil) to induce a primary 
magnetic field and the eddy-currents and a 
second coil or coils (receive coils) to sense the 
secondary magnetic field produced by the eddy- 
currents. Typically, there are two receive coils 
for each transmit coil. Transmitheceive probes 
can be absolute or differential and can be 
configured in a variety of ways to meet the 
requirements of the inspection application (Le., 
through transmission when the probes are on 
opposite sides of the test material or reflection 
when the probes are on the same side). Thus, 
transmitheceive probes can be configured to 
detect circumferential and/or axially oriented 
flaws and can be used to provide full-length 
coverage of the tube. 

Transmitkeceive probes overcome some of the 
attenuation problems of pancake coils because the 
field extends further into the material than that of 
standard impedance pancake coils. Therefore, 
transmitheceive probes are sensitive to both 
outside and inside surface cracking. 

One type of transmitkeceive probe, the Cecco-3 
probe, has been developed at Chalk River 
Nuclear Laboratory specifically for detecting 
circumferential cracking in steam generator tubes 
(Malinowski 1995). This probe cannot detect 
axial cracking. The Cecco-3 probe consists of an 
array of pancake coils with four sets of 
alternating transmit and receive coils arranged in 
two groups along the probe axis, configured in a 
differential mode and operating at four 
multiplexed frequencies (Obrutsky et al. 1994). 

Obrutsky et al. (1994, 1996) state that the Cecco- 
3 probe is more sensitive to circumferential 
cracks on the tube outside surface, generates 

219 NUREG/CR-6365 



SGT DEFECT DETECTION 

lower lift-off noise, and has a higher signal-to- 
noise ratio than the RPC probes. The Cecco-3 
probe has no moving parts, making it 
considerably more durable than the spring loaded 
rotating pancake coil probes. And, the Cecco-3 
probe permits single-pass inspections which are 
as fast as the bobbin coil probe inspections. 

Obrutsky et al. (1994) report that a comparison 
between Cecco-3 inspection results and 
destructive examination results indicates that the 
Cecco-3 probe can reliably detect circumferential 
ODSCC as shallow as 50% of the wall thickness. 
The sizing accuracy is 15 % of the wall thickness 
for a crack deeper than 50% throughwall. Field 
results show that the Cecco-3 probe inspection 
results are as good or better than the industry- 
standard rotating pancake coil. 

A Cecco-3 probe with eight transmitheceive 
unirs has ais0 been developed to fwtk!r imprwe 
the sensitivity to circumferential ODSCC 
shallower than 50% deep (Obrutsky et al. 1994 
and 1996). This probe is based on the design of 
the four transmitheceive unit probe, but is 
converted into an eight transmitheceive unit 
probe by exciting every other transmit coil at 
different multiplexed time segments and reading 
the four received voltages in both time segments. 
This allows each set of four receive coils to 
detect a signal from one transmit coil at a time. 
As a result, the probe achieves higher resolution 
for circumferential defects, that is, it can detect 
a shorter circumferential defect at the outside 
surface. Obrutsky et al. (1996) report that this 
probe can detect and size a circumferential 
ODSCC as shallow as 40% of the wall thickness, 
and, in general, the sizing accuracy is +15% of 
the wall thickness for cracks deeper than about 
50% of the wall thickness. 

Another transmitheceive probe has been 
developed to improve sensitivity to axial cracks 
without losing the ability to detect circumferential 
cracks. This probe, called the Cecco-5 probe, is 
configured with coils positioned at an angle (45 
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degrees) such that it is sensitive to both axial and 
circumferential cracks. Although some 
sensitivity to circumferential cracks is lost due to 
coil configuration, the probe is still effective for 
all crack orientations. Because of it's versatility, 
it appears that industry is moving towards the use 
of the Cecco-5 probe over the Cecco-3 probe 
(Obrutsky et al. 1996). Malinowski (1995) 
reports that the Cecco-5 probe is qualified for 
detection of axial and circumferential indications 
in undented tubes, expansion-transition regions, 
and dented tube-support plate intersections. 

8.2.4 Sleeve Inspection 

The types of sleeves installed in PWR steam 
generator tubes and discussed in this report are 
kinetically welded, standard welded, laser 
welded, and hybrid expansion joints. A majority 
of the sleeves installed before 1995 have hybrid 
expansion joints, however, most of the new 
sleeves installed in the last few years have laser 
welded joints. The Figure 95 shows a typical 
sleeved steam generator tube with hybrid 
expansion joints (Westinghouse 1994). The 
lower and upper ends of the sleeve are 
hydraulically expanded and the middle portion of 
the expanded region is further expanded with 
hard-rolling (mechanical rolling), which makes it 
a leak-limiting joint. Figure 96 illustrates the 
details of the upper joint between the sIeeve and 
parent tube (Westinghouse 1994). The parent 
tube at the elevation of the upper hard-roll 
transition and above is part of the primary 
pressure boundary. Cracking, especially 
circumferential cracking, in the upper joint 
region has raised concerns about the structural 
integrity and leak tightness of sleeved tubes. 
Industry tests of the integrity of the upper joint 
region of a sleeved tube indicate that a 360- 
degree throughwall circumferential crack in the 
parent tube at the upper end of the lower hardroll 
transition or at a higher elevation within the joint 
degrades the axial strength of the joint to less 
than the requirements of RGl 1.121 and 
significantly reduces the leak resistance (Westing- 
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Figure 95. Typical hybrid-expansion-joint sleeve installation (Westinghouse 1994). Copyright 
Westinghouse Electric Corporation; reprinted with permission. 
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Figure 96. Configuration of hybrid-expansion-joint (Westinghouse 1994). Copyright Westinghouse 
Electric Corporaiion; reprinted with permission. 

house 1994). However, a similar circumferential 
crack at a lower elevation within the joint does 
not significantly reduce the axial strength or the 
leak resistance. The industry tests also indicate 
that throughwall mid cracking in the parent tube 
in the hard-roll region does not degrade the axial 
strength of the joint; however, the leak resistance 
is degraded. 

Cracking of about 300 parent tubes have been 
reported at eight plants including four U.S. 
plants, seven of these cracks were throughwall 
(Hermann 1995). In addition, four standard 
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welded sleeves have collapsed at two U.S. plants. 
For example, a throughwall, 180-degree 
circumferential PWSCC crack has been reported 
in the parent tube at one non-U.S. plant. An 
axial and several circumferential indications, 
most likely ODSCC, were detected at the lower 
hard-roll transition in a U.S. plant. One 
circumferential indication was also detected at the 
upper hydraulic transition. Eddy-current 
inspection probes developed for inspection of 
these sleeves and the laser-welded sleeves are 
described here. 
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Initially, Zetec, Inc. developed the cross- 
wound differential bobbin coils shown in Figure 
97 for sleeve inspections (Siegal and Klatt 1994). 
This probe was designed to minimize the effects 
of the roll-transition region of the sleeve, but the 
inspection results were difficult to interpret and 
could not detect flaws in the parent tube during 
mock-up sleeving trials. In addition, flaws were 
found in the expansion area at several operating 
plants that were not detectable with the cross- 
wound bobbin coil. As a replacement for the 
cross-wound bobbin probe, the Z-Coil probe was 
also developed by Zetec using surface riding 
absolute, directional coils on the rotating pancake 
coil inspection head (Figure 98) (Siegal and Klatt 
1994). This probe, which was used successfully 
at Kewaunee and Prairie Island for inspection of 
Westinghouse and CE sleeves, provided better 
penetration for detection of outside diameter 
flaws and detected cracking in the expansion and 
sleeve weld zones. 

An improvement to the I-Coil probe, the Plus- 
Point probe, was recently developed by Zetec 
which provides an improved signal-to-noise ratio 
and better crack detection capability (Zetec 
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1995). Zetec originally developed the Plus-Point 
probe to detect cracks in the vicinity of weld and 
heat affected zones. It is designed as a 
differential probe with the two coils crossing at a 
point so that both coils are affected 
simultaneously and similarly by lift-off due to 
weld geometry and changes in material properties 
in the heat affected zone. The orientation of the 
coils in the Plus-Point probe and typical 
responses from a weld scan are shown in Figure 
99. This probe essentially combines the 
capabilities of the two rotating pancake coil 
directional coils and provides the ability of 
differentiating axial cracks from circumferential 
cracks. Due to the design, the Plus-Point probe 
is most sensitive to cracks oriented perpendicular 
to the ,coil windings and least sensitive to cracks 
oriented 45 degrees from the direction of the 
windings (Zetec 1988). Factors such as surface 
geometry that affect both coils are not detected. 
Therefore, it is also an effective examination 
method for cracking in the expansion-transition 
region. The Plus-Point probe detected shallow 
circumferential PWSCC cracking (average depth 
26%) at Maine Yankee (Stellfox 1995). 

Cross Wound Differential Bobbin Coils 

Figure 97. Schematic of a cross wound bobbin coil probe for sleeve inspections (Siegal and Klatt 1994). 
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Figure 98. Schematic of the "I" type motorized rotating pancake coil probe for sleeve inspections (Siegal 
and Klatt 1994). 
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Figure 99. Orientation of the coils in the Zetec Plus-Point probe and typical responses from a weld scan 
with the probe configured in the standard differential mode (Zetec 1988). 
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Recently, the Cecco-3 and Cecco-5 probes have 
been used to examine both laser-weld and hybrid- 
expansion sleeve joints. A large scale inspection 
of both types of sleeve joints was conducted at 
Doe1 4 using the Cecco-3 probe for 
circumferential crack detection. The hybrid- 
expansion type sleeves at Cook 1 and Point 
Beach 2 were inspected with the Cecco-5 probe. 
The laser welded sleeves at Farley 2 were also 
inspected with the Cecco-5 probe. The Cecco 
series probes were also used at Salem 1 for 
examination of Wextex transition regions and 
support plate dent regions (Malinowski 1995). 

8.2.5 Inspection of Nickel Plated Tubing 

As mentioned previously, eddy-current test 
methods are sensitive to numerous parameters of 
the test material including the conductivity and 
permeability. For most tube testing, material 

- 
short axial 
ID cracks 
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permeability is not a concern (with the exception 
of ferromagnetic deposits on the outside surface 
and the effects of the tubesheet and support 
plates). However, in some cases, such as nickel 
plated tubes, spatial variations in the material 
permeability at the inside surface does need to be 
considered. 

Nickel plating, as shown in Figure 100, was 
developed as an alternative to sleeving tubes with 
PWSCC (EPRI 1985b). More than 1,700 tubes 
have been repaired with nickel plating in five 
European PWRs. There are two problems 
associated with performing eddy-current 
inspections of ferromagnetic materials. First is 
that the magnetic field tends to concentrate at the 
surface in ferromagnetic metals such as iron and 
nickel. Thus, lower frequencies are required to 
provide adequate wall thickness penetration. 
Secondly, the differences in signal response due 

50 to 200-ym- 
thick nickel /+- plate 

Length 

typically 

5-cm long 

0.3072 

Figure 100. Nickel plating of a roll-transition region with PWSCC cracks (EPRI 1985b). Copyright 1987 
Electric Power Research Institute; reprinted with permission. 
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to large permeability variations near the inside 
surface can overwhelm the signal response from 
discontinuities and thereby mask relevant 
indications. I Magnetic saturation eddy-current 
probes can be used to overcome the permeability 
effects of the nickel-plating. When a 
ferromagnetic material becomes saturated, the 
permeability becomes constant and the eddy- 
current inspection can be performed effectively. 
There are some practical problems associated 
with saturating a steam generator tube due to tube 
size and other physical restraints. However, 
innovative approaches such as pulsed magnetic 
saturation can be used to overcome these 
problems (Dodd et al. 1988). 

Ultrasonic techniques have also been developed 
for inspection of nickel plated tubes. One 
important parameter of the nickel plating process 
is related to the ultrasonic signal-to-noise ratio. 
In several tubes, the nickel plating produced 
some pits or roughness on the nickel surface. 
When these pits are numerous, the ultrasonic 
reflections from them become large and mask 
signals from potential cracks in the nickel and the 
tube material below the surface. These tubes 
have generally been repaired with a dedicated 
nickel plating process so as to suppress the pits." 
The use of ultrasonic techniques for steam 
generator tube inspection is discussed in Section 
8.3. 

8.2.6 Inspection of Mechanical Plugs 

Plugging was the only countermeasure available 
for PWR steam generator tubes with 
unacceptable flaws until the early 1980s. 
Denting and stress corrosion cracking have 
caused several hundreds of tubes plugged in 
some plants. Even now, plugging is often done 
for unacceptable degradation above the tubesheet 
region because the current sleeving techniques 

a. 
Dobbeni, Laborelec, Belgium, July 1995. 

V. N. Shah, personal communication with D. 
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are difficult or expensive to implement high up in 
a steam generator. More than 103,000 plugs are 
currently installed worldwide in PWR and 
CANDU plants. The plugs were typically made 
from bar stock of Alloy 600 material; however, 
Alloy 690 material is now being used. 

A certain type of Alloy 600 plugs, mainly the 
mechanical plugs shown in Figure 101, are 
susceptible to PWSCC-type degradation and 
rupture, and need to be inspected because the 
upper portion of the plug constitutes part of the 
primary pressure boundary. In fact, 
circumferential PWSCC occurred at North Anna 
unit 1 nearly throughwall all around the 
circumference of a plug, as shown in Figure 101. 
The remaining ligament broke during a plant 
transient in February 1989 and allowed the top 
part of the plug to be propelled up the tube until 
it hit the U-bend, which it penetrated, causing a 
tube leak. 

The mechanical plug has a very complicated 
inner geometry. There is an expander in the 
middle section and the inner diameter varies 
axially in the lower part of the plug. An 
extremely elaborate sensor mechanism is 
required to access the inner surface area above 
the expander. The probe scanning mechanism 
consists of vertical and rotating drive mechanisms 
which facilitate helical scanning. The probe uses 
a 100 kHz frequency to monitor the sensor 
position in the plug, and 400 and 800 kHz to 
detect the flaw. Comparison of laboratory 
inspection results and destructive analysis results 
indicate that the probe can detect 60% deep 
circumferential PWSCC above the expander 
(Fukui et al. 1992). 

8.3 Ultrasonic Testing 

Typical ultrasonic testing systems for steam 
generator tube examination consist of a rotating 
immersion probe head that scans in a helical 
pattern much like that of the rotating pancake 
coil. A water column is provided by sealing-off 
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Figure 101. Sketches of unexpanded and expanded mechanical plugs (Westinghouse 1989); reprinted with 
permission. 

the tube around the probe head and flooding the 
area. The transducer directs sound into the tube 
wall at the desired incident angle either directly 
by placing the transducer element normal to the 
probe axis, or by using a rotating mirror to 
reflect the sound energy in the desired direction 
as shown in Figure 102. In either case, the beam 
is oriented at the proper incident angle to produce 
the desired refracted angle in the material under 
test (typically 45-degree shear waves). 

One of the first commercially available inspection 
systems (developed by NUCON) used the 
approach shown in Figure 102 to characterize 
fretting wear located at support plates (Dobbeni 
199 1). Destructive examination of circumfer- 
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entia1 cracks in pulled tubes has shown that the 
rotating ultrasonic inspection system can detect 
defects deeper than 30 % throughwall (Roussel 
1994). Framatome has also developed a rotating 
ultrasonic testing system for the detection of 
shallow ODSCC, particularly in the roll 
transition zone at the tubesheet. 

Initially the ultrasonic techniques were primarily 
based on a pulse-echo method. This method 
provides a reliable crack detection capability but 
does not accurately measure crack depths. The 
ultrasonic techniques have been recently modified 
by adding both transmission and crack tip 
diffraction capabilities, which provide both a 
reliable crack detection capability and good crack 
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Figure 102. Schematic of rotating ultrasonic beam scanning device. Courtesy of Russell Technologies, 
Incorporated, Edmonton, Alberta, Canada. 

depth sizing.a,b It should be noted that the crack 
tip diffraction techniques have been successfully 
used for detection and sizing of tight stress 
corrosion and fatigue cracks. For example, the 
crack tip diffraction techniques have been used 
for inspection of PWR control rod drive 
mechanism nozzles susceptible to PWSCC, BWR 
recirculation piping susceptible to IGSCC, and 

a. Harada, Y., et al. 1995. "Development of Depth 
Sizing Technology using Ultrasonic Testing in Steam 
Generator Tubes," presented at the 14th EPRl Steam 
Generator NDE Workshop, August 7-9, Bellevue, 
Washington. 

b. 
Dobbeni, Laborelec, Belgium. 

V. N. Shah, personal communication with D. 

PWR feedwater piping susceptible to thermal 
fatigue cracking. 

In the past, ultrasonic testing methods were not 
utilized because they were considered slow, 
compared to eddy-current bobbin coils, and 
required a couplant to be effective. However, 
due to the more complex geometry of the 
numerous types of degradation in certain regions 
of the tube (e.g. the roll-transition region), and 
the need for reliable detection and sizing 
information, ultrasonic examinations may be 
warranted. 

Extepsive development of ultrasonic testing 
techniques for steam generator @be inspections 
have been carried out in Belgiiun for last 10 
years. The Belgian experience indicates that 
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ultrasonic testing can supplement eddy-current 
testing for nondestructive examination of steam 
generator tubes. A comparison between 
ultrasonic testing and rotating pancake coil 
measurements of circumferential IGSCC and 
destructive analysis of pulled tubes at some 
Belgian PWR plants concluded that ultrasonic 
testing measurements are more reliable and 
accurate. Ultrasonic testing was found to have a 
better detection capability, higher resolving 
power along the axial and azimuthal direction, 
and an improved capability for sizing both length 
and depth." The development of the Belgian 
ultrasonic testing inspection system was 
motivated by the failure in 1986 of a rotating 
pancake coil probe to detect a small 
circumferential PWSCC crack (3.5 mm long and 
65% throughwall) masked by nearby multiple 
axial cracks. The small crack was incidently 
discovered while inspecting a pulled tube for 
axial cracks. Ultrasonic testing provides better 
resolution because the ultrasonic beam has a 
smaller sensing area (0.7 mm) than the eddy- 
current sensing area of a pancake coil (f5 mm). 

The final and perhaps the most significant 
argument in favor of a ultrasonic testing system 
came from a comparison between rotating 
pancake coil and ultrasonic testing measurements 
and the results of a destructive examination of 
several pulled tubes during 199 1- 1993. This 
comparison showed two deficiencies in the 
rotating pancake coil measurements: (1) rotating 
pancake coils were unable to accurately size the 
depth of circumferential IGSCC at the top of the 
tubesheet, and (2) rotating pancake coils did not 
detect two unexpectedly deep circumferential 
cracks. The tightness and orientation of the 
IGSCC cracks were the main reasons for the 
poor measurements. As a reqult, the Belgian 

C. Dobbeni and Degrkve (1993). "Circumferential 
IGSCC: UT The Only Choice," presented at the 
EPRI 12th Steam Generator Workshop. 

inspection policy now requires a 100% 
ultrasound inspection at the top of the tube sheet 
for steam generators with Circumferential 
IGSCC.a Ultrasonic testing can also provide 
accurate measurements of the tube geometry 
(wall thickness, profilometry) because it is not 
pffected by the electromagnetic properties of the 
materials within the steam generator (i.e., the 
tubesheet, support plates, nickel plating, etc.). 

An ultrasonic technique is well suited for the 
purpose of performing detailed examinations of 
limited regions. This technique achieves 
coverages equivalent to that of a rotating pancake 
coil. For example, during the first 100% 
ultrasonic testing inservice inspection of more 
than 15,000 tubes at the top of the tube sheet in 
three Belgian Model E steam generators, the 
average inspection speed was 40 tubes per hour. 

At Ontario Hydro, an ultrasonic system was 
developed that is capable of sizing pits to within 
1 % in the laboratory and 2 % in the field (Moles 
et al. 1994). In addition to thickness 
measurements, ultrasonic testing can also be used 
to determine the radial profilometry by 
measuring the displacement of the tube wall in 
relation to the central axis of the probe (Bodson, 
et al. 1991). This enables inspectors to 
determine the tube distortion present at roll- 
transition and U-bend regions and the distortion 
caused by denting. 

Although ultrasonic testing is gaining acceptance, 
it is not a fool-proof method by any means. At 
ANO-2, a ultrasonic inspection failed to detect a 
360-degree ODSCC with an average through- 
wall depth of 88%, and subsbntially under- 

a. Degreve and Dobbeni (1 993). "An Industrial UT 
Inspection System Field Tested on 15,000 Tubes," 
presented at the EPRI 12th Steam Generator 
Workshop. 
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estimated two other 360-degree, outside-diameter 
cracks (Sheron 1995). The results from a 
rotating pancake coil probe were within 8% for 
these tubes. Laboratory destructive examinations 
of circumferential cracks in pulled tubes also 
indicate that the rotating ultrasonic inspection 
system underestimates crack depth (Roussel 
1994). Thus, ultrasonic testing still needs 
development, but appears to be a useful 
technique to supplement eddy-current techniques 
in some situations. 

Laborelec has recently developed a combined 
ultrasonic and eddy-current rotating probe that 
provides the best of both inspection techniques: 
a high detection and accurate sizing capability 
with the ultrasonic examination (it is able to 
detect outside surface defects which penetrate 
20% to 30% of the wall thickness) and a good 
identification of the location of the defect with 
the eddy-current examination (detection of 
sludge, top of tubesheet, support plate, etc.). 
With this complementary information, ultrasonic 
indications produced by deposits and scratches 
can be distinguished from indications produced 
by tube degradation. This combined rotating 
probe may be used at plants with both axial and 
circumferential stress corrosion cracking at the 
expansion-transition and/or support plate 
locations. The combined probe has been applied 
at three Belgian plants since February 1995." 

One experimental approach being considered to 
improve the efficiency and, sensitivity of 
ultrasonic inspections of steam generator tubing 
is a cylindrically guided wave inspection 
technique (Rose: et al. 1994). Inithis technique, 
the wave is launched down the length of the tube 
and can travel several meters before attenuating. 
When it encounters a defect in the tube, a signal 
is reflect in the opposite direction and detected by 
the sending probe. The obvious advantage of this 

a. V. N. Shah, personal communication with D. 
Dobbeni, Laborelec, Belgium, July 1995. 
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approach is that long sections of tubing can be 
examined completely and rapidly without the 
need for complicated and expensive tooling to 
insert and rotate the probe. Thus far, 
experimental data taken in the laboratory show 
promise and indicate that circumferential 
cracking as small as 11% through-wall is 
detectable with this technique. However, 
refinements are still needed to determine effective 
wave modes and optimize the technique so it is 
sensitive to certain types of defects, while being 
relatively insensitive to tube boundary conditions 
such as water or sludge loadings. 

8.4 Limitations of Inservice Inspection 
Methods for Steam Generator Tubes 

The eddy-current and ultrasonic methods 
discussed in this section have some limitations in 
detecting degradation damage to steam generator 
tubes. The sizing capabilities for these inspection 
methods are particularly limited. In some cases, 
the uncertainties in sizing of the defects are being 
determined by comparing the eddy-current 
measurements, and sometimes ultrasonic 
measurements, with destructive examinations of 
pulled tubes. The limitations of the inspection 
methods for characterizing the damage caused by 
each of the different steam generator tube 
degradation mechanisms are discussed next in the 
following order: primary water stress corrosion 
cracking, intergranular attack, ohtside diameter 
stress corrosion cracking, pitting, wastage, 
denting, high-cycle fatigue, and wear. 

8.4.1 Primary Water Stress Corrosion 
Cracking 

Primary water stress corrosion cracking has 
generally been found at the expansion-transition 
region near the tube sheet, any roll-expansion 
region within the tube sheet, the U-bend region 
of the first few rows, and near dents. The 
expansion-transition regions include both roll- 
transition and explosive-transitions. The PWSCC 
in a roll-transition region is mostly axial, though 
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occasional short circumferential cracks occur 
between the axial cracks. Cracks at an 
explosive-transition are typically circumferential 
in orientation. Cracks in the roll-expansion 
region have both an axial and circumferential 
orientation. In the U-bend region, the PWSCC 
is typically axial and confined to the transition 
zone between the straight to U-bend sections of 
the innermost rows of tubes; occasionally off- 
axial cracks have been detected. PWSCC with 
an axial orientation has also been reported at the 
apex of the U-bends. 

It has been difficult to detect and reliably size 
PWSCC in the tubesheet region with bobbin coil 
probes because the signal from the PWSCC is 
generally associated with a poor signal-to-noise 
ratio. The noise in this case is due to such 
geometric factors as tube ovality , the expansion- 
transition, roll expansion, and denting, all of 
which produce large amplitude signals that mask 
the small amplitude signals from the cracks. By 
the time the crack signal becomes large enough 
to be detected, the crack would have grown 
through the wall. The results of the extensive 
field studies performed by Laborelec show that 
bobbin coils can detect PWSCC in roll-transition 
regions only when multiple axial cracks with near 
throughwall depth are present. 

Bobbin coil probes are generally used in both 
absolute and differential modes for inspection of 
small radius U-bends. However, cracks in the 
U-bend region are difficult to detect because of 
the eccentricity of the probe while traveling in 
the bend. The probe diameters may have to be 
smaller, typically below an 80% fill factor, to 
allow passage through the tight bend. An 
absolute signal provides unambiguous flaw 
indications at the transition areas, whereas a 
differential probe identifies the transition area 
(EPRI NDE Center 1987). The bobbin coil 
probe appears to be able to detect axial cracks in 
the U-bend regions only when the total number 
of cracks is beyond a certain threshold or the 
cracks are long. Reinspection with an rotating 
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pancake coil may be necessary used to resolve 
any distorted signal. 

Axial PWSCC can be detected and sized with 
rotating pancake coil probes. One estimate of the 
accuracy of measuring the length of an axial 
PWSCC crack using a rotating pancake coil 
probe is f 1.5 mm. This estimate was obtained 
by comparing the rotating pancake coil length 
measurements with the actual maximum length of 
about 60 cracks in the roll &&sition region of six 
pulled tubes from a Belgian PWR (Van Vyve and 
Hernalsteen 1991). 

A 3-coil rotating pancake coil can reliably detect 
circumferentid PWSCC in the expansion- 
transition region once it exceeds about 50% 
throughwall depth. However, any distortion in 
the expansion-transition region may mask the 
PWSCC cracks. Therefore, tubes with such 
distortions should be examined with probes that 
can differentiate geometry variations from the 
inside diameter cracks. Generally eddy-current 
inspection is performed while pulling the probe 
through the tube. However, for the expansion 
transition region, it is recommended that the 
rotating pancake coil inspections' be performed 
during insertion to eliminate the drop through 
effect and improve the quality of the inspection 
results. Other eddy-current inspection methods 
such as array, Plus-Point, Cecco-3, and Cecco-5 
probes, and ultrasonic inspection methods can 
also detect circumferential cracks. 

The eddy-current and ultrasonic inspection 
methods capable of detecting circumferential 
cracks cannot reliably size the length and depth 
of those cracks. Currently industry is working 
on developing qualified sizing techniques. The 
results of eddy-current inspections using rotating 
pancake coil probes and metallographic data from 
circumferential crack samples are being used to 
develop these techniques: The samples were 
explosively expanded in a simulated tubesheet 
and the cracks were produced in an accelerated 
acid environment. This configuration simulates 
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a Combustion Engineering design steam gener- 
ator. World wide pulled tube metallographic 
data are also being used to develop the sizing 
techniques. The pulled tube data show that eddy- 
current inspections generally underestimate the 
actual arc length of a circumferential crack as 
shown in Figure 103 (Malinowski 1995). For 
example, an actual arc length of a circumferential 
crack was 360 degrees whereas the correspond- 

ing eddy-current result was about 100 degrees. 
Enhanced analysis of the rotating pancake coil 
inspection results can reduce this deficiency 
(Malinowski 1995). Some industry efforts are 
also directed towards developing improved eddy- 
current techniques for sizing the maximum 
depths of circumferential cracks, which are 
needed for tube integrity assessments (Dembek 
1995). 
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Figure 103. Comparison of actual arc length of circumferential cracks in pulled tubes with the ones 
estimated using eddy-current inspection (Malinowski 1995). The data represent worldwide experience as 
of 1992. 
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Eddy-current techniques are not effective for 
detecting cracks with more complex 
morphologies than a pure axial or circumferential 
orientation. As discussed earlier, in one Belgian 
plant, large axial cracks in the roll transition 
region masked the response from a small 
circumferential crack that was also present in the 
roll transition region; a rotating pancake coil 
probe did not detect the circumferential crack. 
As discussed in Section 8.3 , ultrasonic inspection 
methods are being used for detection of cracks 
with such complex geometries. 

Inservice inspection results show that the crack 
propagation rate of axial cracks, on the inside 
surface in the roll-transition region can be 
estimated. However, crack propagation kinetics 
for circumferential PWSCC are not yet well 
characterized. ' 

8.4.2 Intergranular Attack 

The morphology of IGA is characterized by a 
relatively uniform attack on all grain boundaries 
at the tube surface. It can occur without large 
tensile stresses being present. It is believed that 
IGA is often a precursor to IGSCC, that is, a 
relatively uniform IGA occurs until the stresses 
increase (as a result of wall thinning) to the point 
that isolated fingers of IGA accelerate and 
become cracks (EPRI 1985, Partridge 
1986a,b,c). IGA is often found along with 
IGSCC. Inspection of IGSCC is discussed in the 
next section. IGA has been noted predominantly 
in the crevice region of the hot leg side of part- 
depth rolled Westinghouse-type steam generators 
where local boiling and chemical concentration 
can occur, in the region above the tube sheet 
where sludge accumulation is sufficient to cause 
dry-out and steam blanketing, and in the crevice 
region between the tube and tube support plates. 

IGA is difficult to detect and characterize with 
conventional eddy-current testing .' This 'is 
supported by the eddy-current inspection exper- 
ience at the Trojan plant, which indicated that the 
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threshold at which intergranular attack can be 
reliably detected with rotating pancake coil and 
bobbin coil probes is not well understood 
(USNRC 1991). Intergranular attack results in a 
slow and progressive change in the electrical 
conductivity and magnetic permeability of the 
material. Therefore, a bobbin coil probe in an 
absolute mode can provide detection and some 
information about the extent of the attack, but a 
bobbin coil probe configured in a differential 
mode is not sensitive to the small changes in the 
conductivity and permeability of the material. 
However, it has been difficult to characterize the 
damage using absolute bobbin coils. An 8 x 1 
array probe can characterize deep localized IGA. 
These probes can also estimate the 
circumferential extent of the IGA. Therefore, 
any IGA type indications found during an 
absolute bobbin coil inspection should be 
reexamined to confirm their presence and to 
obtain more reliable characterization of their 
depth and extent (EPRI NDE Center 1987). 
Other specialized pancake coil probes, such as 
the rotating pancake coil probe, or ultrasonic 
probes, which are sensitive to axial and 
circumferential cracks but insensitive to 
geometrical or magnetic discontinuities, are not 
likely to detect intergranular attack (Roussel and 
Mignot 1991). 

Some eddy-current data 'show that the IGA 
growth rate is slow. For example, a growth rate 
of 15% was estimated based on the comparison 
of successive eddy-current inspection data from 
one of the affected Spanish PWRs (EPRI NDE 
Center 1987). 

8.4.3 Outside Diameter Stress Corrosion 
Cracking 

ODSCC has occurred predominantly in the 
crevice region on the hot-leg side of partdepth 
rolled Westinghouse-type steam generators, in 
the region above the tube sheet where sludge 
accumulation is sufficient to cause dry-out and 
steam blanketing, in the crevice regions between 
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the tubes and tube supports, especially in the 
steam generators with drilled-hole support plates 
where local boiling and chemical concentration 
can occur, and in free span regions where crud 
accumulates. If denting occurs, the resulting 
stresses can accelerate the rate of ODSCC. 

The ODSCC corrosion morphology consists of 
single or multiple major cracks with minor to 
moderate amounts of branching., Generally the 
ODSCC cracks in the crevice regions and 
freespan locations have an axial orientation. The 
dominant morphology of ODSCC at the drilled 
hole tube support plates is either a single axial 
crack or a network of multiple axial cracks. 
Limited local patches of intergranular attack have 
sometimes been observed as well. Shallow 
circumferential cracks may sometimes occur in 
the IGA affected regions producing a grid-like 
pattern of axial and circumferential cracks termed 
cellular corrosion. Shallow cellular corrosion 
exhibits a transition to dominantly axial cracks as 
the cracking progress in depth. Field experience 
shows that the axial cracks are generally short 
and sometimes may be through the wall. 

Theoretically, a bobbin coil in the differential 
mode is suited for ODSCC detection and sizing 
because of the primarily axial nature of the 
ODSCC cracks. However, the signal-to-noise 
ratio is less than one. The amplitude of any 
outside surface signal of interest is less than the 
interfering noise signals from dents, tube 
supports, magnetic and non-magnetic deposits, 
and other artifacts on or near the outside surface. 
[A low-frequency (such as 20 kHz) bobbin coil 
probe is used to evaluate outside surface artifacts 
such as the sludge height above the top tube 
sheet, the presence or absence of magnetite at the 
tube-support intersections, and the integrity of the 
tube support plates (EPRI NDE Center 1987)l. 
Therefore, multiple-frequency bobbin coil 
probes, typically a two-frequency mix, are used 
in both absolute and differential modes. The use 
of multifrequency probes minimizes the effects of 
such outside surface artifacts as copper deposits, 

NUREG/CR-6365 234 

the tubesheet, the support plates, etc., resulting 
in higher signal-to-noise ratios, and provides 
improved detection and sizing of deep (> 40% 
throughwall) axial cracks. A 0.115-in. diameter 
unshielded rotating pancake coil probe is 
generally used to inspect indications identified by 
a bobbin coil inspection. 

However, reliable detection and sizing of 
ODSCC at a tube support plate with eddy-current 
probes is difficult because of the low signal-to- 
noise ratios frequently exhibited by such cracks. 
In one case, metallographic examination of a 
pulled tube revealed axial cracks within two 30- 
degree-wide bands on opposite sides of the tube, 
with the deepest one being 62% through wall. 
However, the previous field inspection with a 
bobbin coil probe did not detect these cracks, 
using the plant voltage threshold criteria 
(USNRC 1990). 

The reliability of eddy-current inspection 
methods were further questioned by the ODSCC 
degradation experienced at the Trojan plant. In 
1991, an extensive eddy-current inspection was 
performed at Trojan to identify defects at the tube 
support plates that required repair. Bobbin coils 
were used to detect and size the depth of the 
indications. Then a rotating pancake coil 
inspection was performed to confirm each bobbin 
coil possible indication, and all confirmed 
ODSCC/IGA defects were repaired or removed 
from service. However, a destructive analysis of 
a tube pulled to confirm the inspection results 
showed that not all the defects at the tube support 
plates requiring repair (defect depth greater than 
40 % throughwall) were identified during the 
inspection. The destructive analyses showed that 
the throughwall depths of the IGA/IGSCC defects 
at the first three support plates were 92, 48, and 
5 5 % ,  of which only the first one had been 
identified during the inspection. Reanalyses of 
the bobbin coil data using more conservative 
criteria to find possible indications and 
confirmation of these indications with rotating 
pancake coil inspections led to plugging of many 



additional tubes. Two additional tubes were 
pulled to analyze the effectiveness of the bobbin 
coil data reevaluation. The destructive 
examination revealed three cracks at the tube 
support plates with throughwall depths, which 
were not properly identified by the rotating 
pancake coil probe because of a low signal-to- 
noise ratio and, therefore, had not been repaired. 
Because of the large number of tubes with similar 
suspect indications, Portland Gas and Electric 
developed an alternate repair criterion for axial 
ODSCCAGA at the tube support plates (discussed 
in Section 7). This criterion was based on 
bobbin coil voltage and replaced the 40% depth- 
based repair limit. Several additional tubes were 
plugged according to this alternate repair 
criterion (Gorman et al. 1995). A total of 1,542 
tubes in the Trojan steam generators were 
plugged in 1991 because of ODSCC defects at 
the support plates and 1,061 tubes were repaired 
by sleeving (EPRI 1994, PGE 1991). 

The rotating pancake coil probes are qualified for 
detection of circumferential cracks. However, 
these probes underestimate the'length of the 
circumferential cracks, including ODSCC cracks, 
and depth sizing of these cracks is difficult. The 
underestimation of crack length is illustrated in 
Figure 104, which presents a comparison of 
eddy-current measurements of the arc length of 
a variety of circumferential cracks with the 
corresponding metallographic examination results 
(Dembek 1995). For example, an actual arc 
length of a crack was about 270 degrees whereas 
the corresponding eddy-current measured arc 
length was 90 degrees. However, enhanced 
analysis of the rotating pancake coil inspection 
results can provide better agreement between the 
inspection and actual arc lengths (Malinowski 
1995). 

Improved guidelines for rotating pancake coil 
inspections of circumferential ODSCC at 
expansion-transition regions and support plate 
regions are being developed. Based on the 
metallographic data for pulled tubes, the Wextex 
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Owners Group has reported that the length of a 
circumferential crack in a Wextex expansion 
region can be estimated with an accuracy of 
& 39 degrees. (As discussed in Chapter 2, the 
Wextex expansion is an explosive expansion of 
the tube over the h l l  depth of the tubesheet. 
This expansion method was used in the 
Westinghouse-type steam generators during the 
early 1970s.) In January 1995, the EPRI 
Inservice Inspection Guidelines Committee 
coordinated a series of circumferential arc length 
measurements using rotating pancake coil probes 
from several vendors plus Cecco-5 estimates 
from Westinghouse. All these measurements 
estimated the arc lengths within & 37 to 45 
degrees, which is consistent with the Wextex 
Owners Group estimate (Malinowski 1995). 

In 1991, pulled tube results at North Anna 1 
confirmed circumferential cracking in dents at the 
tube support plate. However, the analysis of the 
rotating pancake coil inspection results using 
prevailing industry guidelines did not report these 
cracks. Expert review of these rotating pancake 
coil inspection results concluded that the 
detection limit for circumferential ODSCC cracks 
in dents at the support plate is about 50% 
throughwall and a 50-degree arc length, or 100% 
throughwall and a 23-degree arc length 
(Malinowski 1995). 

The nuclear industry is currently working on 
developing qualified techniques for sizing the 
depth of circumferential cracks. Verification of 
depth sizing via analyses of pulled tubes and 
destructive analyses of laboratory grown cracks 
is being pursued for further qualifying the 
various inspection techniques. Plus Point probes, 
which are sensitive to both circumferential and 
axial indications, are being investigated for this 
purpose. Use of Plus Point probes permits 
inclusion of 2 and 2.9 mm diameter pancake 
coils; this arrangement is preferred when both 
outside surface and ID initiated indications exist. 
(EPRI 1995b, Richards 1995). 
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Figure 104. Comparison of actual arc length of circumferential ODSCC cracks in pulled tubes with the 
ones estimated using eddy-current inspection (Malinowski 1995). 

Ultrasonic inspection methods are used at some 
plants to size the length and depth of the ODSCC 
cracks detected during eddy-current inspections. 
For example, rotating pancake coil inspections of 
the expansion-transition region of the Millstone 
2 steam generator tubes revealed extensive 
circumferential ODSCC. The macrocracks, as 
defined by the rotating pancake coil inspections, 
consisted of several discontinuous microcracks 
that were separated by small ligaments of sound 
material. The discontinuous nature of the array 
of microcracks was confirmed by the ultrasonic 
inspection results and by the examination of 

NUREG/CR-6365 236 

pulled tube specimens. The ultrasonic 
measurements compared well with the actual 
crack profile (Maurer 1995). According to 
ultrasonic measurements, the macrocracks ranged 
in circumference from 84 to 329 degrees and 
ranged in depth up to 100% throughwall 
(USNRC 1990). 

8.4.4 Pitting 

Pitting appears as a group of small diameter wall 
penetrations and is found between the top of the 
tube sheet and the first support on the cold-leg 



side of the steam generators, with a limited extent 
of pitting found on the hot-leg side. Pits are 
found within or near the top of sludge pile. The 
pits are characterized by an undercut geometry 
(Le., having a larger subsurface than surface 
diameter) and are typically found to be filled with 
corrosion products such as chromium oxide, 
sulfides, and copper metal. Examination of pulled 
tube samples from Millstone 2 and Indian Point 
3, where extensive pitting had been found, 
showed that the pit diameter-to-depth ratio was 
equal to or greater than 1.0. Once pitting has 
initiated, the rate of new pit formation can be 
rapid. The growth of pitting indications has not 
been well-quantified. Pits have grown up to 50% 
throughwall depth per cycle, but the degradation 
is generally considered to progress at approx- 
imately 10% throughwall depthkycle. 

Detection and characterization of pits in the 
presence of interfering variables such as copper 
deposits is difficult for the eddy-current 
techniques. The accuracy of the eddy-current pit 
depth measurements is severely limited because 
of the small size of the pits and because the pits 
are often filled with copper containing corrosion 
products which have a high electric conductivity. 
The induced eddy-currents react more strongly 
with the copper than with the pits, causing a 
distorted signal output. Therefore, two- 
frequency (100 and 600 kHz) multiparameter 
eddy-current inspection techniques are used for 
copper suppression (EPRI NDE Center 1987). , 

Ontario Hydro Technologies has developed a 
rotating ultrasonic inspection system for 
measurement of pit depths in Monel 400 steam 
generator tubes. High ultrasonic frequencies, on 
the order of 25 MHZ, are used to obtain the 
required pit depth accuracy and water is used as 
a couplant. The inspection system is capable of 
accurately measuring pit depths to & 2% of the 
tube wall thickness, which is equivalent to 
measuring a pit depth within 1 mm. The depth 
measurement results on pulled tubes compared 
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well with the metallographic results (Moles et al. 
1994). 

8.4.5 Wastage 

There is a general consensus that wastage can be 
accurately detected and sized using a bobbin coil 
probe when the wall loss is higher than 10% to 
20%. Operating experience shows that the 
propagation rate of wastage is compatible with 
the frequency of inservice inspection. 

8.4.6 Denting 

Tube denting has been found at carbon steel 
support plate, at tubesheet, and in sludge pile. 
Denting at the support plate elevation is typically 
limited to the drilled-hole support plates. As 
denting proceeds, the tube does not deform 
uniformly. Denting has been found at both hot- 
leg and cold-leg side of the steam generator. The 
denting growth can be considered as slow and its 
evolution as well controlled. Bobbin coils are 
usually employed to detect and size denting 
(Roussel and Mignot 1991). Specialized probes 
such as array probes with eight contactless pan- 
cake coils or rotating ultrasonic inspection probes 
are being used for estimating the radial profiles 
of a dented tube cross-sections (Dobbeni 1991, 
Bodson et al. 1991). 

8.4.7 High-Cycle Fatigue 

High-cycle fatigue cracking has occurred in 
once-through, recirculating, and CANDU steam 
generator tubes. The cracking occurred in once- 
through steam generator tubes in the early 1980s. 
The cracks were located at the top tube support 
plate (15th tube support plate) and at the bottom 
of the upper tubesheet in the inspection lane 
region. The inspection lane region includes 
about three rows of tubes on either side of the 
inspection lane and a few additional rows at the 
periphery. The cracks initiated at the outside 
surface of the tubes, propagated both circumfer- 
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entially and throughwall, leading to leakage from 
some tubes. In the late 1 9 8 0 ~ ~  high-cycle fatigue 
has also caused circumferential throughwall 
cracking in the U-bend region of recirculating 
steam generator tubes, leading to the rupture of 
two tubes. Most of the earlier tube failures in the 
CANDU steam generator tubes with Alloy 600 
have been because of high-cycle fatigue. The 
fatigue cracks initiated at the outside surface and 
located at the upper support plate and more 
recently in the U-bend region. The cracks were 
circumferential. 

It is difficult to detect a high-cycle fatigue crack 
in a steam generator tube with an eddy-current 
probe because the crack produces a low- 
amplitude signal as compared to the large 
amplitude signals that are obtained from such 
flaws as AVB fretting or corrosion wastage. In 
addition, the presence of the tube support plates 
makes the inspection of nign-cycie fatigue cracks 
difficult. In one case, a bobbin coil inspection of 
a once-through steam generator tube did not 
detect any flaw indication. But further 
examination with an array probe (8 x 1 pancake 
coil) detected a 40% throughwall flaw indication. 
Subsequent metallographic examination of the 
pulled tube identified the flaw as a high-cycle 
circumferential crack with 62 % throughwall 
penetration. If an 8 x 1 array probe is used with 
frequencies of 400 kHz and 600 kHz, no 
significant effects of geometric structures are 
anticipated and the reliability of flaw detection 
and accuracy of flaw sizing is expected to 
increase (EPRI NDE Center 1987). 

High-cycle fatigue-induced tube ruptures in 
recirculating steam generators pose another 
problem; the initiation time for a high-cycle 
fatigue crack is quiet long and the crack growth 
is very rapid. Mitsubishi Heavy Industries has 
evaluated the use of pancake coils for detection 
of circumferential fatigue cracks. Because the 
fatigue cracks are tight and rather straight, the 
evaluation focused on how the delectability is 
affected by the width of the crack and the type of 
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coil. The experimental results for impedance of 
an artificial circumferential fatigue crack, 2 ~ l O - ~ -  
mm wide and 50% throughwall, compared well 
with their analytical results for a similar crack, 
and, thus, validated the numerical analysis 
approach. The numerical solution for different 
crack widths showed that for a very narrow 
circumferential flaw such as a fatigue crack, the 
delectability of a fatigue crack is not affected by 
the crack width, and such a crack can be detected 
by the pancake coil type probe (Miyake et al. 
1992). Ultrasonic examination with tip 
diffraction techniques could be used for detection 
and characterization of high-cycle fatigue cracks 
in the tubes; no such inspection results have been 
yet reported. 

8.4.8 Fretting and Wear 

Fretting and wear have occurred at the tube-to- 
baffle p:ate intersections on the cold leg side in 
the Westinghouse Models D and E steam 
generators with preheaters. Fretting and wear 
have also occurred at the AVBs in the 
recirculating steam generators of several different 
designs. Loose parts have also caused wear of 
peripheral tubes. Wear causes loss of material at 
the tube outside diameter. The shape of fretting 
induced wear is determined by the contact area 
with the supporting structure and its length is 
limited to the thickness of the supporting 
structure. Fretting induced wear is also limited 
to some critical tubes, which makes inspection 
much easier. This damage is relatively easy to 
detect and size with a bobbin coil probe. 

Most of the observed fretting at the baffle plates 
occurred in the inlet section of the preheater, and 
the areas of fretting were found predominantly on 
the tubing surface facing either in the flow 
direction or opposite to the flow direction. 
Examination of pulled tubes from two European 
plants showed that there is a correlation between 
the wear volume and wear depth when the wear 
depth is less than 40% of the wall thickness. 
Above 40 % of the wall thickness, the dependence 
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of wear depth on wear volume is greatly reduced. 
This is attributed to the fact that tapered wear is 
present when the penetration is below 40% of the 
wall thickness, whereas more uniform wear is 
present at deeper penetrations. The axial and 
circumferential extent of the uniform wear 
becomes about 19 mm (0.75 in.) and 180-200 
degrees, respectively. This information was used 
for inspection of tube fretting damage at the 
baffle plates. The fretting damage at the baffle 
plates evolves rather fast, in a matter of months, 
especially when the plant is operated above 50 % 
of the full capacity. For example, in one plant, 
fretting damage lead to a leak after the plant had 
operated only 3,000 effective full power hours at 
power levels greater than 50% (EPRI NDE 
Center 1987). 

The preheater designs have been modified in the 
plants affected with fretting damage at the baffle 
plates. The proposed modifications in D4, D5, 
and E2 steam generator involved minimizing tube 
vibrations at critical locations within the 
preheater . The modifications include roll 
expansion of several tubes at two baffle plate 
locations and splitting the feedwater flow by 
diverting about 15 % of the main feedwater flow 
through an auxiliary feedwater nozzle. Post- 
modification examination results from the 
affected plants indicate that the modifications 
have been effective. However, the tubes roll 
expanded at the baffle plates require different 
types of eddy-current examination because of the 
high potential for stress corrosion cracking at 
those locations. No stress corrosion cracking has 
yet been reported in the roll expanded region of 
the tubes at the baffle plate. 

Tube fretting between tubes and AVBs is generic 
to Westinghouse-type steam generators. The 
extent of tube fretting is dependent on the bar 
material, the shape of the bars, the clearance, and 
the bar support design. Unlike the fast growth 
rate of preheater fretting, the growth rate for U- 
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bend fretting is rather slow, about 5 to 10% per 
year. Eddy-current inspection of tube fretting at 
AVBs is difficult because the bars, which are 
made from Alloy 600 or 690, are typically 
chromium plated. In addition, it is difficult to 
estimate the wear depth because fretting wear 
may take place at one or both sides of the outer 
tube surface, depending on the AVB 
configuration. The phase angle of the eddy- 
current signal provides a measure of the depth of 
the fretting wear, whereas the amplitude of the 
signal provides a measure of the fretting volume. 
If the wear is on one side, the fretting volume is 
minimum and the signal has a minimum 
amplitude. On the other hand, if wear is on both 
sides of the tube, the fretting volume is maximum 
and the corresponding signal amplitude is 
maximum. This wear volume/signal amplitude 
approach to eddy-current signal analysis provides 
information on the minimum and maximum wear 
depths for a given phase angle measurement. 
For each AVB design and material, amplitude 
calibration standards were developed for one- 
sided and two-sided wear at selected depths to 
determine the range of amplitudes for given wear 
depths, as determined by phase angle 
measurements. Tube fretting damage can be 
characterized with a two-frequency eddy-current 
inspection system, which minimizes the 
geometric effects of AVBs, using these 
calibration standards. A follow up inspection 
using an 8 x 1 array probe can be performed to 
further verify a specific wear depth and its 
geometric features (EPRI NDE Center 1987). 

Loose parts induced wear is generally limited to 
peripheral tubes and is also relatively easy to 
detect when it is suspected. However, the sizing 
of the affected area is less accurate than for 
fretting induced wear because the shape of the 
wear is unpredictable. Also, the rate of loose 
parts induced wear is unpredictable. A long 
rapidly progressing wear scar has lead to tube 
rupture in less than a fuel cycle. 
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8.5 Summary 

Inspection of the steam generator tubes is critical 
to the safe and economical operation of nuclear 
power plants. Eddy-current inspections using 
bobbin coil probes were fast and effective in 
detecting and sizing the degradation that took 
place in early steam generators. However, 
newer forms of degradation have appeared in 
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recent years that require development of more 
sophisticated inspection tools. Often, different 
characteristics of the damage require different 
types of inspection tools. In addition, the 
degradation of the sleeves and plugs used for 
tube repair is difficult to detect and characterize. 
The degradation mechanisms, damage character- 
istics and location, and the inspection tools are 
summarized in Table 26. 
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Sites Degradation Cliaracteristics of Damage 
Meclianisni 

Z 
C 

Tnblc 26. Sites, typical characteristics, and inspection of steam generator tube damage (continued). 

E 
Q 
tp 
8 
% 

cl 
Support plate with drilled 
Iloles, outside diameter 
defects 

t4 
R 

IGA Relatively uniform grain boundary 
dissolution 

I ODSCC I Axial cracks 

Free sp;in region 
(presence of surhce 
scratches or reduced 
tube-to-tube spacing) 

U-bentl, inside dianieter 
tlefecrs (inner row tubes) 

U-bend, outside diameter 
defects 

ODSCC Circumferential cracks 
associated with 
significant . .  
denting (carbon 
steel support 
plates) 

Wastage (first Wall thinning 
two support 
plates) 

ODSCCllGA Axial crack and presence of heavy crud 
deposits 

PWSCC Axid1 Cracks 
> 

Fretting at Wall tliiniiiiig 
antivihratioii bar 
supports 

(1lansitioti expansion 
region) ODSCC in  Axis1 illid circumferential cracks 

Alltry 600 plugs PWSCC Axial and circumferential crack 

Capabilities and Limitations 
of the Inspection Methods 

Bobbin coil probe in an absolute mocle and array probe for detection; 8 
x 1 array probe to cliaracterize deep localized 1CA estimate 
circumferentiad extent of IGA. 

h.lt~ltifreq~iency/nitiparameter nietliotls with bobbin coil probes and 
RPC with 0.115-in.-di;imeter pancake coil for detection. 

Cecco-3 probe detects > 40% tlirougliwall cracks with a depth sizing 
accuracy of f 15% of the wall thickness; 8x1 array probe for detection 
and sizing. 

Bobbin coil probe for detection an sizing >20% wall loss. 

Multifreqtiency/niiiltiparatiieter bobbin coil probes for detection and 
sizing; A 3-coil RPC with a 0.115-in.-diameter pancake coil for 
detection anti sizing. 

~~ 

Flexible rotating pancake coil probe for both detection and sizing; 
Bobbin coil probe for detection. 

Two-Frequency bobbin coil probe for detection and sizing; 8 x 1 array 
probe for c1i;iracteriznIioii. 

Difficult to detect because crack initiation time is quite long and the 
crack growth is rapid. 

Bobbin coil probe for detection; sizing of affected ;ires less accurate. 

Plus-Poinf probe for detection. 

I-coil niid Plus-Point probes Tor detection. 

MI41 eddy-current probe detects > 60% tlirougliwall circumferential 
cr:icks. 



9. OBSERVATIONS AND CONCLUSIONS 

Widespread degradation of the steam generator 
tubing has occurred at a relatively large number 
of nuclear power plants. This is a safety issue 
because the thin-walled steam generator tubes are 
an important part of the reactor coolant pressure 
boundary, representing over 50% of the area of 
the reactor coolant pressure boundary. Rupture 
of the steam generator tubing can result in the 
release of radionuclides to the environment 
outside the reactor containment through the 
pressure relief valves, the condenser off-gas, 
or other paths in the secondary system. 

Ten spontaneous steam generator tube rupturesa 
have occurred over the last 20 years. These 
ruptures have been caused by a variety of tubing 
degradation mechanisms including stress 
corrosion of the outside surface of the tubing, 
high-cycle fatigue, loose parts wear, stress 
corrosion on the inside surfaces, and wastage 
(uniform corrosion). The 10 tuptures resulted in 
leak rates ranging from 425 Umin. (1 12 gpm) to 
2,900 Umin (760 gpm) and complex plant 
transients which have not always been easy for 
the operators to control. 

Certain nuclear power plant design basis 
accidents, such as a sudden break in the steam 
line, can lead to rapid depressurization of the 
secondary coolant system. The pressure 
difference across the tubing walls generated 
during these accidents may result in simultaneous 
leakage or rupture of a number of steam 
generator tubes when an active degradation 
mechanism has severely damaged a large number 
of tubes. Simultaneous leakage or rupture of 
several tubes can lead to a plant transient that 

is even more difficult to control than a spontan- 
eous tube rupture transient, and radioactivity 
released to the environment may exceed site 
limits. The analysis of such transients in PWRs 
indicate that effective operator intervention and 
actions to throttle the emergency core cooling 
injection and actuate the residual heat removal 
system will result in a successful recovery from 
a main steam line break with up to about 15 
induced steam generator tube ruptures.b More 
than about 15 induced steam generator tube 
ruptures produces a system response where the 
reactor coolant system subcooling cannot be 
recovered prior to exhaustion of the normally 
available emergency core cooling water (which in 
some plants can be replenished from outside 
sources). 

The frequency and consequences of steam 
generator tube failures can be significantly 
reduced with qualified inspection techniques, 
timely inspections, and plugging or sleeving of 
excessively damaged steam generator tubing. 
Most steam generators are routinely inspected 
during plant outages, when their internal 
structures become accessible to nondestructive 
inspection equipment, and the defective tubes 
repaired or plugged as necessary. A continuing 
issue has centered on what constitutes an 
appropriate and timely inspection, and when 
partly defective tubes are still fit for service. 
Also, a wide variety of steam generator 
inspection equipment is used in various countries. 
Unfortunately, the most widely used inspection 
techniques (eddy-current bobbin coils and 
rotating pancake coils) are not able to detect and 
size all of the degradation of interest, and 

a. A spontaneous tube rupture is the rupture of one 
or more steam generator tubes that is not caused by 
another event or an upset in normal expected 
operational parameters. 

b. An induced steam generator tube rupture is an 
accident that is caused by or associated with an upset 
condition. 

243 NUREG/CR-6365 



OBSERVATIONS AND CONCLUSIONS 

equipment that is able to detect certain degrada- 
tion is slow and expensive. More effective 
equipment for detecting certain degradation is 
being developed. 

The objective of this report is to put the issue of 
steam generator tubing failure, and its impact on 
nuclear plant safety, in perspective. To do this, 
we have summarized much of the available 
information on the following topics. 

steam generator degradation, 

steam generator tube rubtures, 

the thermal-hydraulic response of a 
nuclear power plant with a defective 
steam generator, 

the risk significance of steam generator 
tube rupture accidents, 

steam generator tubing inspection re- 
quirements and fitness-for-service criter- 
ia in various countries, and 

steam generator tube defect detection re- 
liability and sizing accuracy. 

Our key observations and findings for those 
various topics are listed below. 

Steam Generator Tubin? Demadation 

About 10,000 to 12,000 tubes are being 
plugged each year at about one-half of 
the PWR plants in the world. In 
addition, significant numbers of tubes are 
being sleeved (a total of about 48,000 as 
of December 1994). These data indicate 
that at any given time, and prior to their 
tubes being sleeved or 'plugged, ' a 
significant number of the PWR plant 
steam generators are operating with 
tubing defects near, or beyond the limits 
set by their country. Although steam 
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generator tubes with defects at the 
plugging limits are not expected to fail 
during a design basis accident such as a 
main steam line break, the probability of 
induced tube failure during such events 
increases when the defect population is 
significantly above the plugging limits. 

Sleeving steam generator tubes can lead 
to degradation at new sites on the tubes; 
this degradation is not easy to detect. 

I 

' 

Not all steam generators are degrading 
equally. At least 14 plants have plugged 
and sleeved over 2,000 tubes. However, 
7 to 10% of the plants report no 
problems after 5 years of operation. 

The' relative impact of the various tube 
degradation mechanisms has dramatically 
changed over time. In 1994, ODSCC 
(42%), PWSCC (22%), and fretting 
(4 %) accounted for about 68 % of all the 
tubes plugged. However, the degrada- 
tion mechanism is unknown for a signi- 
ficant number of defective tubes (about 
30%). 

Most of the steam generator tubes which 
have failed over the years have been 
mill-annealed Alloy 600 tubes. How- 
ever, thermally treated Alloy 600 failures 
are becoming more frequent in steam 
generators with roll-transitions . The 
Monel-400 tubes have also been suscep- 
tible to pitting degradation. Tubes made 
of Alloy 800M and Alloy 690 have been 
resistant to stress corrosion cracking and 
have exhibited few failures. 

PWSCC occurs at expansion-transition, 
dent, and U-bend locations where 
significant residual stresses remain. Both 
axial and circumferential cracks can 
occur at some expansion-transition and 
dent regions. An axial PWSCC crack 



OBSERVATIONS AND CONCLUSIONS 

0 

0 

0 

0 

will generally leak before the critical 
crack size for rupture is achieved; 
however, the evolution of circumferential 
cracks is not known and they are usually 
plugged or sleeved upon detection. 
Tubes with axial cracks have ruptured 
before the leakage was detected. 

ODSCC has occurred in the tubesheet 
crevice, sludge pile, tube support plate 
intersection, and free-span locations with 
crud buildup (bridging) where aggressive 
impurities concentrate. Because ODSCC 
can take several forms (short or long 
axial cracks, circumferential cracking, 
cellular corrosion, etc.) and the ease of 
detection of these various kinds of 
ODSCC degradation varies considerably, 
the potential safety consequences at 
separate plants can be quite different. 
Tube ruptures have occurred due to 
undetected ODSCC in free-span regions. 

Fretting defects have occurred at over 
50% of the plants world-wide and are 
occurring in some of the newer steam 
generator designs as well as in the older 
plants. Fretting damage at AVBs is 
likely to continue. 

The diversity and persistence of the 
damage mechanisms suggest that no one 
remedy will resolve all the problems and 
effective remedies are not easily found. 

The VVER tubing has been relatively 
trouble free; however, the collectors in 
the VVER-1000 steam generators have 
been a problem. As of July 1993, 33 
steam generators at 8 WER-lo00 plants 
had been replaced because of failure or 
the potential of failure of the cold 
collectors. Unfortunately, many (most) 
of the replacement steam generators are 
not significantly different than the 
original equipment so additional collector 
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cracking is expected. The collector 
cracks and crack propagation rates can 
be large. Cracks up to 1,000 mm in 
length have been found and crack 
propagation rates up to six ligaments per 
operating cycle have been observed. 

Steam Generator Tube Ruptures 

0 Ten steam generator tube ruptures have 
occurred over the last 20 years at a rate 
of about one rupture every 2 years. In 
addition, incipient tube rupture events 
have been occurring in the U.S. at the 
rate of about once a year in recent years. 

The ten ruptures have been caused by a 
variety of tubing degradation mechan- 
isms including stress corrosion cracking 
of the outside and inside surfaces of the 
tubing, high-cycle fatigue, loose parts 
wear, and wastage. Additional ruptures 
caused by wastage are unlikely because 
only three reactors are now using phos- 
phate water chemistry. Additional rup- 
tures due to high-cycle fatigue in 
Westinghouse-type steam generators are 
somewhat less likely than a few years 
ago because most operators have in- 
spected their steam generators to assure 
that the AVBs are properly placed and 
new steam generators are being more 
carefully fabricated with better AVBs. 
Loose parts and other foreign objects 
continue to be left in some steam gener- 
ators and additional ruptures of tubes due 
to loose parts wear are possible. Also, 
extensive primary water and outside dia- 
meter stress corrosion cracking has 
occurred in certain steam generators and 
more ruptures caused by those mechan- 
isms are possible. 

Ruptures caused by stress corrosion 
cracking are associated with axial 
cracking. No rupture has been caused 
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because of circumferential stress 
corrosion cracking. 

I 

e The rupture locations have generally 
been either just above the tubesheet 
(three ruptures), or in the U-bend region 
(six ruptures). Only the McGuire 
rupture was near one of the lower 
support plates. A rupture in the upper 
region of a steam generator can release 
radionuclides to the steam, which will 
result in less retention of the water 
soluble fission products. 

e The 10 ruptures resulted in leak rates 
ranging from 425 P/min (112 gpm) to 
2,900 Umin (760 gpm) and complex 
plant transients which have not always 
been easy for the operator to control. 

e During a tube rupture transient, the 
reactor operators are expected to (a) 
maintain the primary coolant subcooled, 
(b) minimize the leakage from the 
reactor coolant system to the faulted 
steam generator secondary side, and (c) 
minimize the release of radioactive 
material from the damaged steam 
generator. The success of the reactor 
operators has been mixed, some were 
slow to understand what was occurring, 
slow to start reducing power, and slow to 
isolate the defective steam generator. 
Others reduced power and isolated the 
faulted steam generator promptly. 
Some operators were slow to cool and 
depressurize the primary system, others 
took prompt action. The result was that 
the faulted steam generators were 
overfilled in a number of cases and more 
radioactive material was released to the 
environment than would have occurred if 
the transient was better managed. 

e In all cases, the plants were properly 
cooled down and the radioactive material 
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releases were small and well below 
regulatory limits. 

Thermal-hvdraulic ResDonse of a Tvpical 
PWR with a Defective Steam Generator 

e Analysis of a single spontaneous steam 
generator tube rupture demonstrates that 
the operators can utilize the pressurizer 
sprays or PORVs to depressurize and 
utilize the intact steam generators to cool 
the reactor coolant system to the residual 
heat removal system operating conditions 
withi  4 hours. 

e Unlike the spontaneous steam generator 
tube rupture event, the combined steam 
line break-induced tube rupture events 
have well defined time constraints within 
which cooldown of the reactor coolant 
system and actuation of the residual heat 
removal system must be accomplished to 
prevent core damage. As the number of 
induced tube ruptures increases from 1 to 
15, the time available for action de- 
creases from about 7 hours to about l 
hour. 

e For the case of a main steam line break 
and one to three induced tube ruptures, 
the high pressure safety injection must be 
throttled and the low pressure safety 
injection terminated along with 
accumulator isolation to enable cooldown 
and depressurization of the reactor 
coolant system to the residual heat 
removal system operating conditions. 
The pressurizer sprays and the high 
pressure safety injection are then used to 
control the pressurizer level and the 
reactor coolant system subcooling and 
pressure. In the event the sprays are 
unavailable, the pressurizer PORVs must 
be used to depressurize the reactor 
coolant system. 
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For the case of a main steam line break 
and three or more tubes ruptured, the 
high pressure safety injection and the low 
pressure safety injection must be 
throttled to delay the refueling water 
storage tank exhaustion and provide 
adequate time to initiate the residual heat 
removal system. Should the emergency 
core cooling throttling be delayed, there 
may be insufficient time available to 
align for the residual heat removal 
system operation and core damage could 
result. 

With 15 tube ruptures, operator actions 
to throttle the emergency core cooling 
and initiate the residual heat removal 
system for long-term cooling must be 
accomplished within 1 hour of the event 
initiation. Preparation for use of the 
residual heat removal system must be 
initiated as early as is possible to assure 
the residual heat removal system can be 
actuated prior to exhaustion of the 
refueling water storage tank. Failure to 
initiate the residual heat removal system 
prior to exhaustion of the refueling water 
storage tank could lead to core damage. 

Analyses of the combined steam line 
break-steam generator tube rupture event 
requires only one residual heat removal 
system to be actuated to prevent boiling 
during the long term. 

The emergency operating procedures do 
not emphasize the need for timely 
operator actions in the event of a steam 
line break-steam generator tube rupture. 
The addition of this information to the 
emergency operating procedures should 
be considered for these bypass events 
since a delayed operator response could 
lead to core damage. 
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The time available for operator action to 
successfully place the plant in a long 
term cooling mode of heat removal 
following a combined steam line break- 
steam generator tube rupture event is 
very sensitive to plant specific equipment 
behavior. The time required to exhaust 
the refueling water storage tank is highly 
dependent on emergency core cooling 
capability, refueling water storage tank 
capacity, and the variations in the 
emergency operating procedures and the 
resultant operator actions. 

More than 15 induced steam generator 
tube ruptures produces a system response 
that could lead to core melting. 

The Risk Significance of Steam Generator 
Tube Rupture Accidents 

8 Spontaneous and induced steam genera- 
tor tube ruptures are small contributors 
to the to the total core damage frequency 
but are risk significant due to the poten- 
tial for the radionuclides to bypass the 
reactor's containment building. 

Risk significant steam generator tube 
rupture accidents can be induced by 
operational transients (high frequency) 
and rare events (low frequency) in steam 
generators with tubes that have degraded 
beyond a threshold amount. 

The steam generator tube rupture risk 
profile is dominated by a few risk 
significant failures. Typically, the dom- 
inant steam generator tube rupture 
contributor is human error followed by 
failures that cause a loss or depletion of 
the refueling water storage tank's coolant 
inventory. 
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e Steam generator tube degradation may 
need to be controlled to prevent a 
significant increase in the risk profile of 
a pressurized water reactor. 

Tubiw Inspection Reauirements and Fitness- 
+@ 

e An appropriate level of steam generator 
and plant safety can only be maintained 
by a suitable combination of inspection 
and acceptance (fitness-for-service) re- 
quirements. Some countries have chosen 
to have somewhat more conservative fit- 
ness-for-service criteria and less inspec- 
tion. Other countries have chosen less 
conservative fitness-for-service criteria 
(thereby saving money on repairs) and 
more inspections. Some countries have 
more or less of both compared to other 
countries. 

b The frequency and extent of the 
inspections often increase as problems 
develop. 

b Some countries group their steam 
generators into two categories with quite 
different numbers of tubes inspected in 
each category. The categories used are 
either “susceptible tubing and less 
susceptible tubing” or “previous defects 
or no defects. ” Other countries apply 
the same inspection criteria to all their 
steam generators. 

e Some countries inspect a small fraction 
of the tubes (for example 3%) and then 
more tubes when defects are found. 
Other countries inspect a much larger 
fraction of the tubes, especially in steam 
generators with susceptible tubing, or 
previous defects. Some countries inspect 
all the tubes every year in steam gen- 
erators with defects. 

Some countries inspect a fraction of the 
steam generators at a unit every outage; 
other countries inspect every other 
outage, or even every 4 years. Some 
countries inspect every year. 

Some countries inspect the full tube 
length; other countries focus their 
inspections on selected areas where the 
degradation is most likely to be found. 
Some countries do both. 

Repair or removal from service criteria 
can be grouped into two families: generic 
and defect-type and location specific 
fitness-for-service criteria. 

The simplest and most conservative gen- 
eric approach is no detectable defects. 

The most widely implemented fitness- 
for-service criterion is a minimum wall 
thickness criterion, usually the value 
specified in the ASME Code. 

The occurrence in recent years of new 
types of tube degradation, such as 
PWSCC within the tubesheet or axial 
ODSCC within the support plates, led to 
the development of defect-type and 
location specific repair criteria. 

The P* and F* criteria allow tubes with 
flaws in the tubesheet region to remain in 
service without repair if the flaws are 
low enough so that the damaged tube 
remains in the tubesheet even if it 
separates at the flaw. 

Because steam generator tubing is very 
ductile, reasonably short through wall 
axial cracks exhibit slow propagation. 
Therefore, axial cracks located close to 
the top of the tubesheet, and shorter than 
about 10 to 13 mm, may remain in ser- 
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vice in some countries even if they are 
through the wall. 

Some countries depend, in part, on very 
good leak detection (nitrogen-16) and the 
assumption that degraded steam gener- 
ator tubes will leak before they rupture. 
However, long throughwall cracks have 
been found that are rather leak tight. 
The current tendency is, therefore, to put 
increasing weight on the use of inspec- 
tions and use leak detection as an added 
safety feature. 

The complex morphology of ODSCC 
and the difficulties in detecting and 
sizing this degradation have lead some 
plants to use a statistical voltage based 
criteria. The allowable eddy-current 
signal is based on: (1) a burst pressure 
correlation together with allowances for 
defect progression and inspection uncer- 
tainties, and (2) a leak rate correlation, 
the recent population of defects in the 
steam generator, and, again, allowances 
for defect progression and inspection 
uncertainties. 

Steam Generator Tube Defect Detection 
R R y  

Inspection of PWSCC and ODSCC 

a 

a 

Eddy-current probes with bobbin coils 
and rotating pancake coils are generally 
used for inspection of steam generator 
tubes. Generally these probes reliably 
detect flaws, but their detection threshold 
is high, some deep cracks have been 
missed, and defect sizing is not accurate. 

Bobbin coils are sensitive to axial cracks 
and volumetric flaws, but not to 
Circumferential cracks. Field studies 
have shown that bobbin coils can detect 
PWSCC in a roll-transition region only 
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when multiple axial cracks with near 
throughwall penetration are present. 
Similarly, the bobbin coil probe appears 
to be able to detect axial cracks in the U- 
bend regions only when the total number 
of cracks are beyond a certain threshold 
or the cracks are long. 

Comparison with pulled tube results 
show that a rotating pancake coil can 
measure axial PWSCC within & 1.5 mm. 

Multifrequency/multiparameter eddy- 
current methods employing bobbin coils 
are used for,inspection of axial ODSCC. 
These methods suppress the changes 
produced by the extraneous variables 
and can detect and size deep ODSCC 
( > 40 % throughwall). However, reliable 
detection and accurate sizing of 
ODSCC/IGA defects with bobbin coil 
probes is difficult. Some ODSCC/IGA 
defects greater than 40 % throughwall 
have been missed. Therefore, the indi- 
cations detected with bobbin coils are 
often confirmed with rotating pancake 
coil inspections. 

A rotating pancake coil probe can 
reliably detect circumferential PWSCC 
in the expansion-transition region once it 
exceeds 50% throughwall depth. How- 
ever, any distortion of the region will 
mask the signal. The Plus-Point probe 
can be used for inspection of flaws in a 
distorted expansion-transition region be- 
cause it is not affected by surface 
geometry. This probe has detected a 
shallow circumferential flaw (average 
depth 26%) in a roll transition region. 

Transmitheceive probes (Cecco-3 and 
Cecco-5 probes) are more sensitive to 
both outside and inside surface cracking 
as compared to rotating pancake coil 
probes. A Cecco-3 probe can detect and 
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size a circumferential flaw as, shallow as 
40% of the wall thickness with a sizing 
accuracy of & 15 % of the wall thickness. 
A Cecco-5 probe will detect both axial 
and circumferential flaws. The Cecco 
series of probes have been used for 
examination of Wextex transition re- 
gions, support plate dent regions, and 
laser-welded and hybrid-expansion type 
sleeves. 

a No eddy-current methods are qualified at 
present for sizing the length and depth of 
circumferential cracks. Plus-Point pro- 
bes, which are sensitive to both circum- 
ferential and axial indications are being 
investigated for this purpose. 

a Eddy-current techniques are not effective 
for detecting cracks with more complex 
morphologies than pure axial or circum- 
ferential orientations. Ultrasonic inspec- 
tion methods are being developed and 
used for detection and sizing of cracks 
consisted of several discontinuous micro- 
cracks separated by small ligaments of 
sound material. 

a Rotating ultrasonic inspection probes 
using crack-tip diffraction techniques 
apparently provide more reliable crack 
detection, more accurate sizing, and 
improved resolution than rotating pan- 
cake coil probes. 

a The Plus-Point probe can detect flaws in 
the vicinity of welds and the heat 
affected zone of welded sleeve joints. 
This probe has two differentially con- 
nected coils crossing at a point. There- 
fore, the probe is not affected by lift-off 
due to weld geometry and the changes in 
the material properties of the heat 
affected zone. 

Inspection of IGA 

a Conventional bobbin coil and rotating 
pancake coil probes are not sensitive to 
the IGA-induced slow changes in the 
electrical conductivity and magnetic 
permeability. Therefore, these probes 
cannot reliably detect and characterize 
IGA damage. 

a Array probes with an 8 x 1 or 8 x 2 
surface riding pancake coil arrangement 
can detect intergranular attack and 
estimate its circumferential extent and 
depth. 

Inspection of Pitting 

a The accuracy of the eddy-current pit 
depth measurements is severely limited 
because of the small size of the pits and 
because the pits are often filled with 
copper containing corrosion products 
with a high conductivity. A rotating 
ultrasonic inspection probe has accur- 
ately measured pit depths to &2 % of the 
wall thickness in Monel 400 tubes 
(CANDU steam generators). 

Inspection of Dents 

a A rotating ultrasonic inspection probe or 
an array probe with contactless pancake 
coils has been successfully used for 
estimating the profiles of dented tube 
cross-sections. 

Inspection of High-Cycle Fatigue 
cracking 

a An 8 x 1 array probe is likely to provide 
a reliable detection and accurate sizing of 
circumferential fatigue cracks found at 
the 15th support plate in the once- 
through steam generators. 
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Timely detection of high-cycle fatigue 
cracks in the U-bend regions of recir- 
culating steam generators is difficult be- 
cause the initiation time is long and crack 
growth rate is rapid. 

Inspection of Fretting and Wear 

Tube fretting damage at the AVBs can be 
characterized with a two-frequency eddy- 
current inspection system, which mini- 
mizes the geometric effects of the ABVs 
on the eddy-current signal. 

e 
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Loose part induced wear is generally 
limited to peripheral tubes and is rela- 
tively easy to detect when it is suspected. 
However, the sizing of the affected area 
is not accurate. 

NUREGKR-6365 





I O .  REFERENCES 

ASM (ASM Committee on Eddy Current Inspection) 1989. "Eddy Current Inspection" pp. 164-194 in 
ASM Handbook, Vol. 17, Nondestructive Evaluation and Quality Control, ASM International, 
Materials Park, Ohio. 

ASME 1992, 1992 ASME Boiler and Pressure Vessel Code, Section XI, Article IWB-3640 and 
Appendix C. 

Airey, G. P., and F. W. Pement 1982. "A Comparison of Intergranular Attack in Alloy 600 Observed 
in the Laboratory and in the Operating Steam Generators," Presentation to the National 
Association of Corrosion Engineers, March 22-26, 1982, Houston, Texas. 

Angwin, M. J. 1984. "High Temperature Pitting in PWR Steam Generator," Proceedings of the 
International Congress on Metallic Corrosion, Volume 1, Toronto, Ontario, June 3-7, 1984, 
National Research Council of Canada, Toronto, pp. 250-256. 

Azodi, D., et al, 1987. "On the Integrity of Steam Generator Tubes and Plugging Assessment," 
Structural Mechanics in Reactor Technology, Transactions of the 9th International Conference, 
Lausanne, August 17-21. 

Balkrishnan, P. V., and R. S. Pathania 1988. "Correlation of Tube Support Structure Corrosion 
Studies. " Proceedings of the Third International Symposium on Environmental Degradation of 
Materials in Nuclear Power systems-Water Reactors, Traverse City, Michigan, The 
Metallurgical Society, Warrendale, Pennsylvania, pp. 489-499. 

Bamford, W. H., G. V. Rao and J. L. Houtman 1992. "Investigation of Service-Induced Degradation 
of Steam Generator Shell Materials," Proceedings of the Fifth International Symposium on 
Environmental Degradation of Materials in Nuclear Power Systems - Water Reactors, August 
25-29, Monterey, California, pp. 588-595. 

Bamford, W. H., et al. 1987. "Integrity Issues in PWR Steam Generator and Feedwater Systems," 
Performance and Evaluation of Light Water Reactor Pressure Vessels, PVP-Vol. 119, 
American Society of Mechanical Engineers, New York, pp. 19-30. 

Bandy, R., and D. van Rooyen 1984. "Initiation and Propagation of Stress Corrosion Cracking of 
Alloy 600 in High Temperature Water," Proceedings of the Third International Symposium on 
Environmental Degradation of Materials in Nuclear Power Systems- Water Reactors, Houston, 
Texas, National Association of Corrosion Engineers, Houston, p. 763 

Bandy, R., and D. van Rooyen 1984a. "Stress Corrosion Cracking of Inconel Alloy 600 in High 
Temperature Water-An Update, Corrosion, 40, No. 8. 

Baum, A. J., et al. 1987. Steam Generator Cold Leg Thinning in Operating Plants, EPRI NP-5140, 
Electric Power Research Institute, Palo Alto. 

253 NUREG/CR-6365 



REFERENCES 

Begley, J. 1988. "Application of the Gerber-Garud Strain Rate Damage Model to PWSCC," 
Proceedings: 1987 EPRI Workshop on Mechanisms of Primary Water Intergranular Stress 
Corrosion Cracking, EPRI NP-5987SP, Electric Power Research Institute, September, pp. D6-1 
to D6-11. 

Benson, J. 1988. "Application of an F* Probe at Connecticut Yankee," presented at the EPRI Steam 
Generator Workshop, Myrtle Beach, South Carolina, June 7-9. 

Berge, Ph., 1993. "After 33 Years, It is Time to Solve Pure Water Cracking," Keynote speech in 
Proceedings: 1992 EPRI Workshop on PWSCC of Alloy 600 in PW?s, EPRI TR-103345, 
December (proprietary report; not publicly available). 

Berge, Ph., and J. R. Donati, 1981. "Materials Requirements for Pressurized Water Reactor Steam 
Generator Tubing," Nuclear Technology, Vol. 55, October, pp. 88-104. 

Blomgren, J. C. 1986. "Experience at Zion," presented at the EPRI Workshop on Fretting and Wear 
Susceptibility in Nuclear Steam Generators, Washington, D. C., March 19-20, 1986. 

Bodson, F. et al. 1991. "Specific Ultrasonic Inspection Methods for Steam Generator Tubes," 
NEAKSNI- UNIPEDE Specialist Meeting on Operating Experience with Steam Generators, 
Brussels, Belgium, 16-20 September. 

Bollini, G., 1993. "Steam Generator Inspection Reliability and Safety," Second ASME/JSME 
International Conference on Nuclear Engineering (ICONE), San Francisco, March. 

Bowling, M. L. 1988. North Anna Unit 1 Steam Generator Tube Rupture, July 15, 1988, Revision 3, 
Virginia Power Company. 

Bradish, T. R. 1993. "Manual Reactor Trip Following a Steam Generator Tube Rupture," Licensee 
Event Report No. 93-01, Rev. 2, Docket No. 5000529, August 14. 

Bruemmer, S. M., L. A. Chariot, and C. H. Henager, Jr. 1988. "Microstructure and 
Microdeformation Effects on IGSCC of Alloy 600 Steam Generator Tubing, I' Proceedings: 
1987 EPRI Workshop on Mechanisms of Primary Water Intergranular Stress Corrosion 
Cracking, EPRI NP-5987SP, Electric Power Research Institute, Palo Alto, September, pp. C3-1 
to c3-3 1. 

Canadian Standard Association 1994. "Periodic Inspection of CANDU Nuclear Power Plant 
Components, " CANKSA-N285.4. 

Campbell, C. A. and S. Fyfitch 1994. "PWSCC Ranking Model for Alloy 600 Components," Sixth 
International Symposium on Environmental Degradations of Materials in Nuclear Power 
Systems-Water Reactors, San Diego, California, pp. 863-870. 

NUREGER-6365 254 



REFERENCES 

Cecco, V. S. and Van Drunen, G. 1985. "Recognizing the Scope of Eddy Current Testing," Chapter 6 
in Research Techniques in Nondestructive Testing - Volume WZA Academic Press, New York, 
pp. 269-301. 

Clark, R. A., and M. Lewis 1985. "Observations of Denting and Other Deterioration in the Surry 
Steam Generator," Proceedings of the International Conference in Nuclear Power Plant Aging, 
Availability Factor and Reliability Analysis, San Diego, California, July 8-1 2, 1985, V. S .  Goel 
(ed.), American Society for Metals, Metals Park, Ohio, pp. 193-195. 

Clark, W. G., Jr. 1993. "Multiple-Element Eddy Current Probes for Enhanced Inspectioh, 'I Materials 
Evaluation, July, pp.794-802. 

Cochet, B., 1989. Tube Plugging in the Tubesheet Area Leak Before Break Analysis - Tube Plugging 
Criteria, December. 

Cofie N. G. et al. 1994. "Management of Steam Generator Feedwater Nozzle Cracking in PWRs," 
1994 Pressure Vessels and Piping Conference, Minneapolis, Minnesota, June 19-23, 1994, 
ASME PVP Vol. 286, Changing Priorities of Codes and Standards: Failure, Fatigue, and 
Creep. 

Commonwealth Edison Co. 1987. Technical Specifications for Braidwood Station Units 1 and 2, 
Appendix A to License No. NPF-72, Docket Nos. STN 50-456 and STN 50-457, also published 
by the USNRC as NUREG-1276, July. 

Connors, H. J., et al. 1988. Beaver Valley 1 Evaluation for Tube Vibration Znduced Fatigue, WCAP- 
1 1800, Westinghouse Electric Company, Pittsburgh. 

Conway, W. F. 1993. Palo Verde Nuclear Generating Station Unit 2 Steam Generator Tube Rupture 
Analysis Report, July 18. Docket No. STN 50-529 

Coriou, H., et al. 1959. "Corrosion Fissurante Sous Contrainte De L'Inconel Dans L'Eau A Haute 
Temperature, " in Third Colloque de Metallurgie Corrosion, Center d 'Etudes Nucleaires de 
Saclay, France, North Holland Publishing Co., Amsterdam, p. 161. 

Coulehan, V. R. 1988. "Manual Reactor Shutdown Due to 2 Gallon Per Minute Steam Generator 
Primary to Secondary Leak in Number 31 Steam Generator Caused by Degraded Tube," 
Licensee Event Report 88-007, Rev. 1, October 19. 

CSGORG (Counterflow Steam Generator Owners Review Group) 1983. "Appendix B, Independent 
Evaluation of Proposed Modifications to Westinghouse D4, D5, and E Steam Generators," 
Safety Evaluation Repon related to the D4/D5/E Steam Generator Design Modification, 
NUREG- 1014. 

Davis, T. J. 198 1. "Advanced Multifrequency Eddy-Current System for Steam-Generator Inspection, 'I 
Eddy Current Characterization of Materials and Structures, ASTM STP 722, American Society 
for Testing and Materials, pp. 255-265. 

255 NUREGKR-6365 



REFERENCES 

Davis, T. J .  1980. Multifrequency Eddy-Current System for Znspection of Steam Generator Tubing, 
EPRI NP- 162 1, November. 

de Keroulas, F., and L. Lunven 1990, "Fissuration en Milieu Primaires des Tubes Generateurs de 
Vapeur des Reacteurs 900 et 1,300 MWe: Resultats des Examens Metallurgiques sur Tubes 
Extraits, " International Symposium, Fontevraud ZZ, Volume 1, Royal Abbey of Fontevraud, 
September 10-14, 1990, Societe Francaise d'Energie NuclCaire, pp. 206-214. 

Dembek, S. 1995. "Summary of Electric Power Research Institute (EPRI) Led Presentation on Steam 
Generator (SG) Tube Circumferential Cracking Sizing Techniques, " Memorandum to J. 
Strosnider, USNRC, March 13, 1995. 

Dobbeni, D. 1991. "Ultrasonic Inspection Methodology, I' NEA/CSNZ - UNZPEDE Specialist Meeting 
on Operating Experience with Steam Generators, Brussels, Belgium, 16-20 September. 

Dobbeni, D. and Degreve, D. 1990. "Adapting Ultrasonics to Examine PWSCC ip Steam 
Generators, I' Nuclear Engineering International, May. 

Dobbeni, D., et al. 1985. "Belgian Approach to Non-Destructive Examination of Primary Side Stress 
Corrosion Cracking," presented at the S WG/EPRI Workshop at St. Petersburg Beach, Florida, 
December 10-1 2, 1985. 

Dodd, C. V., et al. 1988. "Eddy Current Inspection of Ferromagnetic Materials Using Pulsed 
Magnetic Saturation," Material Evaluation 46, 12, pp. 1592-1597. 

Dodd, C. V. and Deeds, W. E. 1981. "In-Service Inspection of Steam Generator Tubing Using 
Multiple-Frequency Eddy Current Techniques, 'I Eddy Current Characterization of Materials and 
Structures, ASTM STP 722, American Society for Testing and Materials, pp. 229-239. 

Engstrom, J. 1985. "Comparison of Eddy Current Test Results in Steam Generator Tubesheet Roll 
with Results from Metallographic Examination of Pulled Tubes, I' presented at the SGOG/EPRZ 
Workshop at St. Petersburg Beach, Florida, December 10-12, 1985. 

EPRI 1995. PWR Steam Generator' Tube Repair Limits - Technical Support Document for Outside 
Diameter Stress Corrosion Cracking at Tube Support Plates, EPRI TR-100407, Rev. 2A, 
January. 

EPRI 1995a. Steam Generator Progress Report, Rev. 11, EPRI TR-106365. 

EPRI 1995b. "NDE of Circumferential Cracks," presented at the NRC/NEZMeeting on 
Circumferential Cracking NDE, Rockville, MD, September 8, 1995. 

EPRI 1994. Steam Generator Progress Report, Rev. 10, Energy Management Services, Inc., Little 
Rock, Arkansas, November. 

NUREG/CR-6365 256 



REFERENCES 

EPRI 1993a. PWR Steam Generator Tube Repair Limits - Technical Support Document for Outside 
Diameter Stress Corrosion Cracking of Tube Support Plates, EPRI TR-100407, Rev. 1, August. 

EPRI 1993b. PWR Steam Generator Tube Repair Limits: Technical Support Document for Expansion 
Zone PWSCC in Roll Transitions, EPRI NP-6864-L, Rev. 2, August. 

EPRI 1993c. PWR Secondary Water Chemistry Guidelines, Rev. 3, EPRI TR-10234, Rev. 3, May. 

EPRI 1990a. Alloy 690 for Steam Generator Tubing Application, EPRI NP-6997-SD7 October. 

EPRI 199Ob. PWR Primary Water Chemistry Guidelines: Revision 2, EPRI NP-7077, Electric Power 
Research Institute, Palo Alto, November. 

EPRI NDE Center 1987. Advanced Eddy-Current Data Analysis for Steam Generator Tubing. 

EPRI 1985a. Steam Generator Reference Book, Steam Generator Owners Group, Electric Power 
Research Institute, Palo Alto, CA (proprietary report; not publicly available). 

EPRI 1985b. Proceedings: 1985 Workshop on Primary-Side Stress Corrosion, St. Petersburg Beach, 
Florida, December 10-1 2, EPRI NP-5158. 

Ericson, D. M. et al, 1990. “Analysis of Core Damage Frequency: Internal Events Methodology,” 
NUREGKR-4550, Vol. 1, Rev. 1. 

Erdogan, F., 1976. “Ductile Fracture Theories for Pressurized Pipes and Containers, ” International 
Journal of Pressure Vessels and Piping, Vol. 4, pp. 253-283. 

Flesch, B. , and B. Cochet, 1990. “Leak-Before-Break in Steam Generator Tubes,” International 
Journal of Pressure Vessels and Piping, Vol. 43, pp. 165-179. 

Fukui, S. et al. 1992. “Eddy Current Inspection System for Mechanical Plug of Steam Generator 
Tube,” Proceedings of the 11th International Conference on the NDE in the Nuclear and 
Pressure Vessel Industries, Albuquerque, New Mexico, USA, 30 April-2 May. 

Gentillon, C. D., J. B. Hudson, and J. A. Schroeder, 1994. Rates for Initiating Events in U.S. 
Commercial Nuclear Power Plants, 1989-1 993, INEL-94-0270. 

Georgia Power Co. 1987. “Steam Generator Technical Specification 3/4.4.5” in Vogtle Electric 
Generating Phnt Unit 1 and 2 Technical Specijications, 1987 (Unit I )  and 1989 (Unit 2), 
Appendix A to Operating Licenses NPF-68 and NPF-81, Docket Nos. 50-424 and 50-425. 

Giacobbe, F. S., et al. 1988. “IGAIIGSCC of Sensitized Alloy 600 Tubing in TMI Unit 1 OTSGs,” 
1987 EPRI Workshop on Secondary-Side Intergranular Corrosion Mechanisms: Proceedings, 
EPRI NP-5971, Volume 2, Electric Power Research Institute, Palo Alto. 

257 NUREGER-6365 



REFERENCES 

Gorbatykh, V. P., 1993. "The Corrosion Life of Metal," ThemlEngineering, Vol. 40, No. 7. 

Gorman, J. A., et al. 1995. "Steam Generator Tube Fitness-for-Service Guidelines," AECB Report 
INFO-0572, July. 

Gorman, J. A., et al., 1994. Steam Generator Tube Fitness-For-Service Guidelines, Atomic Energy 
Control Board, Ottawa, Canada, DEI-399, August. 

Gorman, J . A., et a1 . 199 1. Statistical Analysis of Steam Generator Tube Degradation, EPRI-NP- 
7493, Electric Power Research Institute, Palo Alto. 

Gorman, J. A., 1989. Survey of PKR Water Chemistry, NUREGKR-5116, ANL-88-43. 

Gorman, 3. A., and E. S. Hunt 1986. Status of Cracking and Remedial Measures for PWR Steam 
Generators with Fulldepth Expanded Tubing, EPRI NP-4459-LD, Electric Power Research 
Institute, Palo Alto. 

Grant, I. M. , 1994. "Canadian Approach to Regulation of Steam Generator Safety," Steam Generator 
and Heat Exchanger Conference Proceedings, Toronto. 

Hagemaier, D. J. 1983. "Eddy Current Impedance Plane Analysis," Materiaks Evaluation, Vol. 41, 
No. 2, February. 

Harberts, C. N. 1986. "Steam Generator Tubing Wear Experience at San Onofre Units 2 and 3," 
presented at the EPRI Workshop on Fretting and Wear Susceptibility in Nuclear Steam 
Generators, Washington, D. C., March 19-20, 1986. 

Hedner, G., 1992. "Regulatory Practices and Experiences on Steam Generators," Presented at OECD- 
CNRA Special Issue Meeting on Regulatory Practices and Experience on Steam Generators, 
Paris, June 25-26. 

Herman, R. 1995. "Minutes of Steam Generator Sleeving Status Review Meeting," Memorandum to 
Brian Sheron, February 7, 1995. 

Heysek, W. G. 1990. "Plant Shutdown h e  to Steam Generator Tube Leak," Licensee Event Report 
90-005, March 6. 

Holinann, P. J., et al. 1986. "Pressurized Water Reactor Steam Generator Tube Fretting and Fatigue 
Wear Characteristics, ASME Pressure Vessels and Piping Conference, Chicago, Illinois, Paper 
86-PVP-2, American Society of Mechanical Engineers, New York. 

Hunt, E. S. and D. J. Gross 1994. PWSCC of Alloy 600 Materials in PWR Primary System 
Penetrations, EPRI TR-103696, EPRI TR-103345, Electric Power, Research Institute, Palo Alto, 
July. 

NUREGKR-6365 258 



REFERENCES 

Hunt, E. S., and J. A. Gorman 1986. Status and Suggested Course of Action for Nondenting-Related 
Primury-Side ZGSCC of Westinghouse-Type Steam Generators, EPRI NP-4594-LDf Electric 
Power Research Institute, Palo Alto, May 1986. 

IAEA 1995. Draft Report of A Consultants Meeting on Safety Issues and Their Ranking for WWER 440 
Model 213 Nuclear Power Plants, WWER-SC-108, 1995-04-07. 

IAEA 1993. Steam Generator Collector Zntegrity of WWER-1000 Reactors, Final Report of  
Consultants' Meetings, Vienna, Austria, May and November, WWER-RD-057, Distribution 
Restricted. 

INSIDE NRC 1995. "Maine Yankee May Sleeve All Steam Generator Tubes in Extended Outage," 
April 17. 

Jacko, R. J. 1983. Fatigue Pevormance of Ni-Cr-Fe Alloy 600 Under Typical PWR Steam Generator 
Conditions, EPRI- NP-2957, Electric Power Research Institute, Palo Alto. 

Jones, J. D., et al. 1982. TMIl OTSG Failure Analysis Report, GPU Nuclear Corporation, 
Parsippany, New Jersey. 

Jones, W. C. 1984. "Omaha Public Power District, Fort Calhoun Station, Steam Generator Tube 
Rupture Incident, Final Report," June 19. 

Kobayashi, T. and D. A., Shockey 1991. Fractographic Analysis of a Crack in a Zion Steam 
Generator, EPRI NP-7420, Electric Power Research Institute, Palo Alto. 

Koryakii, Y. I. 1993. "SG Cracks: Counting the Costs, It Nuclear Engineering International, July, 
pp. 43 to 45. 

Krzywosz, K. J. 1990. Eddy Current Probe Characterization, EPRI NP-6990, Electric Power 
Research Institute, Palo Alto, October. ' 

Kuchirka, P. J., and J. W. Cunningham 1986. Exumination of Steam Generator Tubes R18C53HL and 
RI 8C43HLfrom the Jose Cabrera (ZOrita) Nuclear Power Station, EPRI NP-4760-LD7 Electric 
Power Research Institute, Palo Alto. 

Kurtz, R., et al. 1990. "Steam Generator Tube Integrity Program/Steam Generator for Group Project, 
Final Project Summary Report," NUREGKR-5 117, PNL-6446. 

Kusek, L. T., 1984. "Steam Generator Tube Rupture," Licensee Event Report No. 84-08, Docket No. 
5000285, June 15. 

Lareau, J. P. and Sapia, M. A. 1987. Array Coil Probe, EPRI NP-5009, Electric Power Research 
Institute, Palo Alto, March. 

259 NUREGKR-6365 



REFERENCES 

Laskowski, L. J., and M. J. B. Hudson 1986. "Recirculating Steam Generator Corrosion at Northeast 
Utilities Nuclear Plants: A Review," presented at the Joint ASME/ZEEE Power Generation 
Conference, Portland, Oregon, October 19-23, 1986, Paper 86-JPGC-NE-4, American Society 
of Mechanical Engineers, New York. 

Lemaire, P., 1993. "Current Status of ODSCC at EdF Plants," Presented at IGA/SCC EPRI 
Workshop, Minneapolis, Minnesota, October 14-15. 

Libby, H. L., 1971. Introduction to Electromagnetic Nondestructive Test Metho&, John Wiley and 
Sons, Inc., New York 

Lipson, C., and N. J. Sheth (1973). Statistical Design and Analysis of Engineering Experiments, 
New York: McGraw-Hill 

Lott, R. G., et al. 1992. "Primary Water Stress Corrosion Crack Growth Rates in Alloy 600 Steam 
Generator Tubing, " Proceedings of the Fifth International Symposium on Environmental 
Degradation of Materials in Nuclear Power Systems-Water Reactors, August 25-29, 1992, pp. 
525-532. 

Mackowiak, D., C. D. Gentillon, and K. L. Smith, 1985. Development of Transient Initiating Event 
Frequencies for Use in Probabilistic Risk Assessments, NUREGICR-3862. 

Malinowski, D. D. 1995. "Detection and Evaluation of Circumferential Cracking," presented at the 
NRC/NEI Meeting on Circumferential Cracking NDE, Rockville, MD, September 8, 1995. 
Presentation slides are attached to a memo from Dembek, S. to Strosnider, J.,'USNRC, March 
13, 1995. 

Mamet, V. A., and 0. I. Martynova 1993. "Hideout in NPP Steam-Generator Boiler Water and its 
Effect on the Operating Reliability of Equipment," Thermal Engineering, Vol. 40, No. 7, pp. 
497 to 502. 

Martynova, 0. I., and V. A. Mamet 1991. "Problems of Selecting Water Chemistry for the Secondary 
Loop of a Water-Moderated Water-cooled VVER- 1000 Reactor, 'I Thermal Engineering, Vol. 
38, No. 7, pp. 351 to 355. 

Maurer, R. S. 1995. "Recent NDE Experience with Circumferential Cracking," presented at the 
NRC/NEI Meeting on Circumferential Cracking NDE, Rockville, MD, September 8, 1995. 

McKay, A. M., 1983. "Mechanisms of Denting in Nuclear Generators," Materials Pe~ormances, 22, 
3, pp. 42-48. 

Miglin, B. P., and J. M. Sarver 1991. Investigation of Lead as a Cause of Stress Corrosion Cracking 
ut Support Plate Intersections, EPRI NP-7367-M, Electric Power Research Institute, Palo Alto. 

Millett, P. J. and C. J. Wood 1994. "Mediterranean Reflections-Recent Development in Water 
Chemistry," Nuclear Engineering International, August, pp. 14-15. 

NUREG/CR-6365 260 



REFERENCES 

Miyake, Y., et al. 1992. Eddy Current Detectability for Fatigue Crack of Steam Generator Tube," 
Proceedings of the 11th Internutional Conference on NDE in the Nuclear and Pressure Vessel 
Industries, Albuquerque, New Mexico, USA, 30 April - 2 May, pp. 71-73. 

Moles, M. D. C., et al. 1994. "Ultrasonic Measurement of Steam Generator Tube Pit Depth," 
presented at the steam generator conference, Toronto, Canada. 

Monter, J. V., and G. J. Theus 1982. OTSG Tube Failures: Upper Tubesheet corrosion Tests, EPRI 
NP-2790, Electric Power Research Institute, Palo Alto. 

Nordmann, F., et al. 1983. "Experimental Investigation on Denting in PWR Steam Generators: Causes 
and Corrective Actions," Journal of Engineering for Power, Transactions of the ASME, 105, 4, 
pp. 755-762. 

Northern States Power Co. 1985. "Steam Generator Tube Inspection, Technical Specifications 4.12-1, 
October 1985," in Technical Specifications for Prairie Island Nuclear Generating Plant Units 1 
and 2, Appendix A to Facility Operating Licenses DPR-42 and DPR-60, Docket Nos. 50-282 
and 50-306. 

Nucleonics Week 1991a. "More Minor Malfunctions Attend Mihama-2 Shutdown, Sequence Shows," 
Vol. 32 No. 10, March 7, p. 3. 

Nucleonics Week 1991b. "Kansai: Mihama-:! Break Involved Human Error, Fabrication Flaw," 
Vol. 32 No. 11, March 14, p. 1. 

Nucleonics Week 1991c. "Summary of MITI's Report on Mihama-:! Steam Generator Tube Rupture," 
Vol. 32 No. 24, June 13, pp. 6-9. 

Nucleonics Week 1990. "1,300-MW Steam Generator Tube Crack Ills Less Than Thought," 
March 15, p. 5. 

Nucleonics Week 1989. "EDF Mystified by Widespread Tube Denting in Newer Steam Generators," 
Nucleonics Week, June 13, p. 7. 

Obrutsky, L. S., et al, 1996. "Transmit-Receive Eddy Current Probes for Circumferential Cracks in 
Steam Generator Tubes," Materials Evaluation, January, pp, 93-98. 

Obrutsky, L. S., et al, 1994. "Transmit-Receive Eddy Current Probes for Circumferential Cracks in 
Steam Generator Tubes, I' presented at the Steam Generator and Heat Exchanger Conference, 

. Toronto, Canada. 

Oesterling, L. M. 1990. "Plant Shutdown Due to Steam Generator #1 Tube Leak," Licensee Event 
Report 90-012, December 17. 

261 ' NUREGKR-6365 



REFERENCES 

Owens, C. M. 1987a. "A Historical View of the Importance of the Final Anneal on Primary Side SCC 
Resistance of Alloy 600 Steam Generator Tubing, 'I Proceedings: 1983 Workshop on 
Primry-Side Stress Corrosion Cracking of PWR Steam Generator Tubing, EPRI NP-5498, 
Electric Power Research Institute, Palo Alto, pp. 14-1 to 14-19. 

Partridge, M. J. 1986a. Proceedings: 1985 EPRI Workshop on Remedial Actions for Secopldary-Side 
Intergranular Corrosion, EPRI NP-4929, Electric Power Research Institute, Palo Alto. 

Partridge, M. J. 1986b. Proceedings: 1984 Workshop on Secondary-Side Stress Corrosion Cracking 
and Intergranular Corrosion of PWR Steam Generator Tubing, EPRI NP-4478, Electric Power 
Research Institute, Palo Alto. 

Patridge, M. J. 1986c. Proceedings: 1983 Workshop on Secondary-Side Stress Corrosion Cracking 
and Intergranular Corrosion of PWU Steam Generator Tubing, EPRI NP-4458, Electric Power 
Research Institute, Palo Alto. 

Pederson, T. L. 1992. "A Technical Specification Violation Occurred Because of Failure to Remove a 
Steam Generator Tube From Service, As Necessary, During the Unit 1 End of Cycle 7 
Refueling Outage," Licensee Event Report 92-001, Rev. 1, January 28. 

Pinard-Legry, G., and G. Plante, 1983. Intergranular Attack of Alloy 600: High Temperature 
Electrochemical Tests, EPRI NP-3062 Electric Power Research Institute, Palo Alto. 

PGE (Portland Gas and Electric) 1991. "Steam Generator Inspections Result in C-3 Classification," 
Licensee Event Report No. 91-027-01 , Trojan Nuclear Plant. 

Rao, G. V. 1994. "Methodologies to Assess PWSCC Susceptibility of Primary Component Alloy 600 
Locations in Pressurized Water Reactors, Sixth International Symposium on Environmental 
Degradations of Materials in Nuclear Power Systems- Water Reactors, San Diego, pp. 871-882. 

Rassokhin, N. G., et al. 1992. "Predicting the Service Life of Thermal Power Plant with Respect to 
Stress-Corrosion Cracking Conditions," Thermal Engineering, Vol. 39, No. 5 , pp. 265-270. 

Richards, T. A., 1995. "Steam Generator Tube Nondestructive Examination," presented at the 
NRC/NEI Meeting on Circumferential Cracking W E ,  Rockville, MD, September 8, 1995. 

Rose, J. L., et al. 1994. "A guided wave inspection technique for nuclear steam generator tubing", 
NDT&E International Volume 27, Number 6 

Roussel, G. 1994. "Steam Generator Tube Degradation Problems in Belgium - Status of the Recent 
Developments at Doe1 4 and Tihange 3 plants," presented at the Principal Working Group No. 1 
Meeting, Paris, September. 

Roussel, G. and Mignot, P. 1991. "Safety Significance of Steam Generator Tube Degradation 
Mechanisms, " NEA/CSNI - UNIPEDE Specialist Meeting on Operating Experience with Steam 
Generators, Brussels, Belgium, 16-20 September. 

NUREGKR-6365 262 



REFERENCES 

Raussokhin, N. G., et al. 1992. "Predicting the Service Life of Thermal Power Plant with Respect to 
Stress-Corrosion Cracking Conditions," Thermal Engineering, Vol. 39, No. 5 ,  pp. 265 to 270. 

Sanchez-Caldera, L. 1984. Corrosion-Erosion in Steam Extraction Line of Power Stations, PhD. ' 
Thesis, Massachusetts Institute of Technology. 

Saudan, G., 1992. "Regulatory Practices and Experience on Steam Generator in France, Presented 
at the OECD-CNRA Special Issue Meeting on Regulatory Practices and Experience on Steam 
Generators, Paris, June 25-26. 

Schever 1987. "Palo Verde Steam Generator Tube Vibration," NRC Docket Number STN 50-470-F, 
July 13. 

Scott, T. F. 1992. "Eddy Current Analysis Personal Error Results in Inadequate Steam Generator 
Tube Technical Specification Surveillance," License Event Report 92-002, Rev. 1, March 17. 

Sedriks, A. J., et al. 1979. "Inconel Alloy 690," Boshoku Gijutsu, Vol. 28, No. 82. 

Shah, V. N., et al. 1992. "Assessment of Primary Water Stress Corrosion Cracking of PWR Steam 
Generator tubes," Nuclear Engineering and Design, 134, pp. 199-215. 

Sheron, B. W. (USNRC) 1995. "Technical Issues Developed as a Result of Contractor Review of 
Steam Generator Degradation Specific Management Topicals, I' Letter to A. Marion, quclear 
Energy Institute, April 14. 

Shizuma, H., 1992. "Regulatory Pfactices and Experience on Steam Generators in Japan," Presented 
at OECD-CNRA Special Issues Meeting on Regulatoy Practices and Bperience on Steam 
Generators, Paris, June 25-26. 

Siegel, J. and Klatt, M., 1994. "Coil Design and Technique Parameter Development for Early 
Detection of O.D. Cracking", m e  13th Steam Generator Workshop, LaJolla, CA, July 25-27. 

Sipe A., 1989. "A Steam Generator Tube Rupture Occurred on March 7, 1989 and Resulted in an 
Alert Being Declared and an Unplanned Release of Radioactivity," Licensee Event Report No. 
89-04, Docket No. 5000369, March 7. 

Snider, J. H. 1989. "OTSG Operating Experience: A Tube Integrity Update," EPRl Steam Generator 
NDE Workshop, Williamburg, Virginia, August 9-1 I ,  1989. 

Solovyev S. P., 1992. Accidents and Incidents in Nuclear Power Plants, Lecture Notes, Obninsk. 

Southern California Edison Co. 1982. "Steam Generator Tube Inspection, Technical Specifications 
3/4.4.4, February 1982" in San Onofe Unit 2 Technical Speci@cations, Appendix A to License 
NPF-IO, Docket No. 50-361, also published by the USNRC as NUREG-0741. 

263 NUREGKR-6365 



REFERENCES 

Stein, A. A., and A. R. McIlree 1986. "Relationship of Annealing Temperature and Microstructure to 
Primary-Side Cracking of Alloy 600 Steam Generator Tubing and the Prediction of Stress 
Corrosion Cracking in Primary Water," Proceedings of the Second International Symposium on 
Environmental Degradation of Materials in Nuclear Power System- Water Reactors, American 
Nuclear Society, La Grange Park, Illinois, pp. 47. 

Stellfox, D., 1995. Imide NRC, April 17. 

Stoller (S. M. Stoller Corporation) 1991a. "Reactor Trip - SG Tube Rupture on Uppermost Plate, 
Cold Leg Side - Pressurizer Relief Valve Failed to Open During Cooldown," Nuclear Power 
Experience, Vol. PWR-2, Steam Generators, pp. 260-261, pp. 272-274. 

Stoller 1989b. "Plant Shutdown - SG Tube Leakage - Tubes Damaged by Loose MFRV Anti-rotation 
Pin, Nuclear Power Experience, Vol. PWR-2, Steam Generators, pp 241-242. 

Stoller 199 lb. "Incidents Involving Rapid Increases in Primary-to-Secondary Leak Rate - Tubesheet 
and Support Plate Cracks, Circumferential Rupture of SG Tube - High Cycle Fatigue," Nuclear 
Power Experience, Vol. PWR-2, Steam Generators, pp. 270-272. 

Stoller 1989a. "Unit Shutdown, SG Tube Rupture, Radioactive Offsite Release-Corrosion-Other 
Anomalies Noted," Nuclear Power Experience, Vol. PWR-2, Steam Generators, p. 233. 

Stoller 1988. "Manual Unit Trip-SG Tube Rupture, Radiation Release - Cold Leg Side Metal Fatigue, 
Water Dynamics," Nuclear.Power Experience, Vol. PWR-2, Steam Generators, p. 202. 

Stoller 1984. "SG Tube Failure - IGSCC - Defects Missed During Testing," Nuclear Power 
Experience, Vol. PWR-2, Steam Generators, pp. 179-180. 

Stoller 1979. "Steam Blanketing Accelerated Local Corrosion, Tube Leaks, 'I Nuclear Power 
Experience, P W - 2 ,  V,D, 24, pp. 6-7. 

Stoller 1976a. "SG Tube Cracking, Denting-Surry 2-Sept. 76-100 % Power," Nuclear Power 
Experience, Vol. PWR-2 Steam Generators, P. 48. 

Stoller 1976b. "Summary of Inspection Results for Surry SG Tube Cracks-Surry 1 and 2-Nov. 76 to 
Feb. 77-Shutdown, " Nuclear Power Experience, Vol. PWR-2 Steam Generators, pp. 57-59. 

Stoller 1976c. "Small Bend Radius SG Tubes Cracked-Turkey Pt. 4-Oct. 76," Nuclear Power 
Experience, Vol. PWR-2 Steam Generators, p. 49. 

Stuhmiller. J. H., et al. 1988. Prediction of Localized Flow Velocities and Turbulence in a PWR Steam 
Generator, EPRI NP-5555, Electric Power Research Institute, Palo Alto. 

Theus, G. J., and P. L. Daniel 1984. "Corrosion in Steam Generating Systems," Corrosion in Power 
Generating Equipment, M. 0. Speidel and A. Atrens (eds.), Plenum Press, New York, pp. 
185-232. 

NUREGER-6365 264 



REFERENCES 

Titov, V. F. 1993. "Causes of Damage to Cold Headers for Horizontal PGV-1000 Steam Generators 
and Measures for Increasing their Operational Reliability and Lifetime," Thermal Engineering, 
Vol. 40, No. 12, pp. 959 to 966. 

Titov, V. F., et al. 1992. "Damage to Heat Exchanger Tubes in Steam Generators on Nuclear Power 
Stations with Water-Moderated Water-Cooled Reactors," Thermal Engineering, Vol. 39, No. 3, 
pp. 158 to 160. 

Titov, V. F. 1991. "Repairing and Replacing SGs at Soviet 1000 MWe PWRs," Nuclear Engineering 
International, January, pp. 20 to 22. 

Togo, et al. 1985. "Preventing Tube Degradation in Japan," Nuclear Engineering International, 30, 
365, pp. 43-44. I 

USNRC 1995a. "Circumferential Cracking of Steam Generator Tubes," NRC Generic Letter 95-03, 
April 28. 

USNRC 1995b. "Voltage-based Repair Criteria for Westinghouse Steam Generator Tubes Affected by 
Outside Diameter Stress Corrosion Cracking," NRC Generic Letter 95-05, August 3. 

USNRC 1994. "Operational Experience on Steam Generator Tube Leaks and Tube Ruptures," NRC 
Information Notice 94-62, August 30. 

USNRC 1993. Thermal Fatigue Cracking of Feedwater Piping to Steam Generators, NRC 
Information Notice 93-20. 

USNRC 1991. "Problems with the Reliable Detection of Intergranular Attack (IGA) of Steam 
Generator Tubing," NRC Information Notice 91-67, October 21, 1991. 

USNRC 1990. "Stress Corrosion Cracking in PWR S t e k  Generator Tubes," NRC Information Notice 
No. 90-49, August 6, 1990. 

USNRC 1990a. "Cracking of the Upper Shell-to-Transition Cone Girth Welds in Steam Generators," 
USNRC Information Notice 90-04. 

USNRC 1989. "Safety Evaluation by the Office of Nuclear Reactor Regulation, Recovery from 
SGTR Event at McGuire 1," Docket No. 50-369, May 16. 

USNRC 1988a. NRC Zntegrated Program for the Resolution of Unresolved safety Issues A-3, A-4, and 
A-5 Regarding Steam Generator Tube Integrity, NUREG-0844, September. 

USNRC 1988b. "Rapidly Propagating Fatigue Cracks in Steam Generator Tubes," Bulletin 88-02 and 
NEA IRS Incident Report, June 24. 

265 NUREiG/CR-6365 



REFERENCES 

USNRC 1985. "Staff Recommended Actions Stemming From NRC Integrated Program for the 
Resolution of Unresolved Safety Issues Regarding Steam Generator Tube Integrity, Generic 
Letter 85-02, April 17. 

USNRC 1983. Safety Evaluation Report Related to the D4/D5/E Steam Generator Design 
Modijications, NUREG-1014. 

USNRC 1982a. "Cracking In the Shell-to-Transition Cone Girth Weld of a Steam Generator pt an 
Operating Pressurized Water Reactor," USNRC Information Notice 82-37. 

USNRC 1982b. NRC Report on the1 January 25, 1982, Steam Generator Tube Rupture at R.E. Ginnu 
Nuclear Power Plant, NUREG-0909, April. 

USNRC 1982c. Safety Evaluation Report Related to the Restart of R.E. Ginnu Nuclear Power Plant, 
NUREG-0916, Docket No: 50-244, May. 

USNRC 198 1. Standard Technical Specijications for Westinghouse Pressurized Water Reactors, 
NUREG-0452, Revision 4, pp. 314 4-13 to 4-19. 

USNRC 1980. Evaluation of Steam Generator Tube Rupture Events, NUREG-065 1, March. 

USNRC 1979. "Cracking in Feedwater System Piping, I' USNRC Bulletin 79-13, Revision 2. 

USNRC 1976. "Regulatory Guide 1.121, Bases for Plugging Degraded PWR Steam Generator 
Tubes," August. 

USNRC 1975. "Regulatory Guide 1.83, In-Service Inspection of Pressurized Water Reactor Steam 
Generator Tubes, 'I Revision 1, July. 

Van der Sluys, W. A., and W. H. Cullen 1987. "Fatigue Crack Growth of Pressure Vessel Materials 
in Light-Water-Reactor Environment," Performance and Evaluation of Light-Water Reactor 
Pressure Vessels, PVP 119, American Society of Mechanical Engineers, New York, pp. 63-71. 

Van der Sluys, W. A. 1982. Corrosion Fatigue Characterization of Reactor Pressure Vessel Steels, 
EPRI NP-2775, Electric Power Research Institute, Palo Alto. 

Van Vyve, J. And P. Hernalsteen, 1991. "Tube Plugging Criteria for Axial and Circumferential 
Cracks in the Tubesheet Area, " NEAKSNI-UNIPEDE Specialist Meeting on Operating 
Experience with Steam Generators, Brussels, Belgium , 16-20 September. 

Weakland, D. 1988. "IS1 Experience Report, Duquesne Light Company, Beaver Valley Power Station 
Unit 1 , " EPRI Steam Generator NDE Workshop, Myrtle Beach, South Carolina, June 7-9, 1988. 

Westinghouse (Westinghouse Electric Corporation) 1994. Technical Evaluation of Hybrid Expansion 
Joint (Hm) Sleeved Tubes Containing Indications Within the Upper Joint, WCAP-14182, Non- 
proprietary, Class 3, August. 

NUREGKR-6365 266 



REFERENCES 

Westinghouse (Westinghouse Electric Corporation) 199 1. Trojan Nuclear Plant Steam Generator Tube 
Repair Criteria of Indications at Tube Support Plates, WCAP-13130, Rev. 1, December. 

Westinghouse (Westinghouse Electric Corporation) 1990. Indian Point Unit 2-Steam Generator 
Inspection, Repair, and Restoration Program-Presentation to Nuclear Regulatory Commission, 
June 1990, prepared for Consolidated Edison Company. 

Zetec 1995. "Review of Circumferential Cracking NDE Methodology," Presentation to US Nuclear 
Regulatory Commission, February 22. Presentation slides are attached to a memo from 
Dembek, S. to Strosnider,: J., USNRC, March 13, 1993. I 

Zetec 1988. "Weld Scan Probes," New Product Bulletin, September, 14. 

267 NUREGKR-6365 



APPENDIX A 



APPENDIX 

This Appendix describes the heat transfer 
modeling of the Residual Heat Removal (RHR) 
Systems for the Surry Nuclear Steam Supply 
System. 

The RHR systems are single pass, parallel flow 
heat exchangers. In the model, the inlet 
temperatures and mass flow rates on the shell and 
primary sides of the RHR systems are used to 
calculate the respective outlet temperatures. 
Design conditions are used to compute the mean 
value of the overall heat transfer coefficient times 
the total heat transfer surface area (U,A). 

Using the following design input data for each 
RHR system, 

Tal = 
Ta = 
Tbl = 
Tb2 wa = 
w, = 
cp = 

cpb = 

Q =  

140"F, hot leg temperature 
124"F, RHR discharge temperature 
105"F, shell side inlet temperature 
112"F, shell side outlet temperature 
555.6 Ibshec, primary flow rate 
1236.1 lbdsec, shell side flow rate 
specific heat of primary fluid, 

specific heat of shell side fluid, 
Btu/lb-"F 
9166.7 Btuhec, heat removal rate 

Btdlb-"F 

U,,,A is calculated from 

Q 
(Anrn U A = -  

where Q is the heat removal rate (BWsec) and 
AT, is the log-mean temperature distribution. 
AT, is calculated from 

With the RHR systems in operation, the outlet 
temperature for the shell side of the RHR heat 
exchanger can be computed from 

where 

w c  
w c  a =( 1 +22) 

a Fa 

(3) 

and 

1 1 
a=(-+- >UmA 

wbcpb wacpa 

(4) 

With the shell side outlet temperature (Tb2 
determined from Eq. 3, the outlet temperature of 
the RHR primary side fluid can then be 
calculated from 

( 5 )  

Figure A1 shows the RHR primary side inlet 
temperature and resultant outlet temperatures 
computed by Eq. 5 over the range 350 to 140°F. 
Figure A2 shows the shell side outlet 
temperatures computed for this range using Eq. 
3. 
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temperatures, Tal and T,, were used to recompute 
the outlet temperatures, Td and Tb2, using Eqs. 3 
through 5, thereby verifying the model. The 
calculated values for Td and Tb2 are identified in 
Figs. A 1 and A2 with the data symbol (square). 

- RHR Inlet Temperature 
- ._ . RHR Outlet Temperature 

t 300.0 
F Y \ Calculated from Eq. 5 

of Appendix A 

L; Design data outlet temperature \ 2 
3 
a w 

1 0 0 . 0 " " " " ' " " " " " ' ' " " " " '  
0.0 10.0 20.0 30.0 

Figure Al.  RHR Primary Inlet and Outlet Temperatures 
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Shell Side Inlet Temperature = 105°F 
1 6 0 . 0 ~ . ~ ~ ~ . . ~ ~ ~ 1 ~ . ~ ~ ~  a ' * " ' ' * " " ' '  

- RHR Shell Side Outlet Temperature 
150.0 : 

140.0 : 
!F 

i!! 

W 

al 
3 

Q) 

L - 130.0 : 

E" 
120.0 i 

Calculated from Eq. 5 
of Appendix A 

1 Design data outlet temperature 

110.0 : 
\ :._._. 

340 

335 
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5 
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W 

330 
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325 

320 
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Figure A2. RHR Shell Side Temperatures 
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