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REPORT SUMMARY

The current methodology and basisfor assessing the risk of turbine missilesis explored and
described. Areas of potential conservatism are identified, which may become the basis for a new
analysis process that provides relief to plant operators who are seeking increased time intervals
between turbine inspections and turbine control tests.

Background

The licensing basis for all nuclear plants includes the requirement to maintain a low probability
of creating damage to safety-related plant equipment due to release of high-energy turbine
missiles. The task of providing the technical basisto prove the risk of turbine missile generation
does not exceed the required level has rested with the turbine manufacturers for most plants.
These manufacturers perform the routine turbine disk inspections, and also maintain a database
of turbine control failure ratesfor ther fleets, both of which form the primary basisfor assessing
risk. Turbine operators are increasingly concerned that a significant level of conservatism exists
in the current missile probability evaluation, and as a consequence operators are required to
perform frequent turbine inspections and control system tests. Operators are seeking relief from
the current test and inspection requirements.

Objective

The objective of the current project is to examine the current methodology for assessing risk of
turbine missiles, identify areas of conservatism, and eventually improve or update these portions
of the methodology. Ensuring implementation of this improved methodology isalso critical, so
facilitating the interface between plant operators, regulatory agencies, and the turbine
manufacturersis an important aspect of the project objectives.

Approach

A review was performed of relevant regulatory documents, technica papers, and technica
reports by experts in turbine component risk assessments. Advanced turbine disk nondestructive
examination techniques were also explored. Case histories were identified, involving both
turbine failures and instances of operational relief granted by the NRC. An analysis was
undertaken of the cost-effectiveness of potentid deve opment activity that could achieve the
objective of reducing conservatism. This interim report provides the basis for upcoming
discussions among the licensees, manufacturers, and regulators.

Results

Based on the results obtained to date, the most promising areas for reducing conservatism in the
current risk assessment methodology include a refinement in the probabilistic fracture mechanics
analysis of turbine disk stress corrosion cracking. Another areawith a high potential for
refinement is the assessment of probability of achieving turbine overspeed due to controls or
valve failure. A third areaof refinement isthe application of advanced ultrasonic testing
techniques to improve the characterization of stress corrosion cracking in disk boreregions. A
case history is presented that demonstrates concurrence by the NRC with improved fracture
mechanics analysis methodology.
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EPRI Perspective

The assessment of turbine missile probability is one of severd turbine-related projects being
performed by EPRI that are seeking to reduce plant O& M costs through improved risk
assessment methodology. Use of advanced fracture mechanics and NDE techniques have been
successfully applied by EPRI in risk assessment of other turbine components. EPRI’s
perspective isthat these advanced techniques are ready for application to the risk assessment of

turbine disk failure and when completed, conservatism will be removed from the current risk
assessment procedure.

Keywords
Turbine

Missiles
Overspeed

Risk Assessment
Probabilistic
Inspection Interval
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ABSTRACT

Evaluating and managing the risk of turbine disk failure and the consequentid release of high-
energy missilesisakey aspect of the required operations and maintenance practicesat U.S.
nuclear plants. The primary impact on O&M isthe need for frequent testing of turbine contrals,
and periodic turbine disk nondestructive examination. Plant operators are seeking relief in the
form of increased test and inspection intervals, which can be obtained through arefinement in
the analysis methodology and technica basisfor the current intervals. Thisinterim report
contains a description of the technical approach currently used to evaluate risk of missile
generation. Areas of potential conservatism are identified and explored, with recommendations
for which technical areasto pursue that would have the greatest chance of achieving the
objectives of increased test and inspection intervals. The elements of the risk evaluation that
appear most promising for areduction in conservatism are the probabilistic fracture mechanics
analysis, evaluation of turbine overspeed probability, and characterization of service-induced
stress corrosion cracks in the bore/keyway region.
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INTRODUCTION

The turbine-generator is not considered part of anuclear power plant’s saf ety-rel ated equipment,
however a possibility existsthat high-energy missiles created by failure of thelow-pressure
turbine disks could penetrate intervening barriers and damage plant safety-related equi pment.
Disk and rotor failures have occurred in anumber of fossil turbine and generators, and one
nuclear turbine located outside the U.S. [1,2]. Two potential missile generation scenarios are
relevant; stress corrosion cracking in the disk bore with subsequent brittle fracture at design
speed, and destructive overspeed of the turbine-generator due tofailure of the turbine controls
and/or steam valve failure to close. Appendix A of Section 10 of the Code of Federal
Regulations (CFR) Part 50 states that equipment critical to safety of nuclear power plants must
be appropriately protected against missiles resulting from equipment failures [3]. Turbine
missile protection is addressed during the plant’sinitid licensng processand is described in
either the licensing language or the supporting documents that form the licensing basis.
Compliance with regulatory requirements by the plant typically impacts operations and
maintenance by mandating intervals for in-service inspections of disks, and testing of plant
controls. EPRI memberswho are operating turbines with built-up rotors are seeking to optimize
plant operation and maintenance activities, while staying within approved limits on the risk of
damage to safety-related equipment. Operators are requesting that the technical and regulatory
issuesthat govern compliance with the NRC relative to turbine missiles be re-examined.
Specifically, plant operators are seeking relief by decreasing the frequency of these disk
ingpections and control system tests, while still remaining in compliance with the NRC. This
interim report provides a statusof EPRI project 047015 titled “Re-evaluation of Turbine Missile
Probability”.

1.1 Background

EPRI report 1001267 issued in December 2000 provides an overview of the technical and
regulatory issues associated with the assessment of turbine missile probability [4]. The report
recommends a re-examination of the existing techniques for assessing missile probability. These
techniques, either directly or indirectly, constitute part of each plant’s licensing basis. Potential
areas for relief identified in report 1001267 are; improved ultrasonic disk inspection,
probabilistic fracture mechanics, and updating the database used for projecting failure rates of
turbine controls and valves. Subsequent project activity in 2001 examined these aspects more
closely, and the findings are reported in this document.

1.2 Project Objectives
The objectives of this EPRI project are to:

e examineall technical and regulatory factorsthat influence the current requirement for plants
to conduct periodic inspections of turbine disks and regular tests of turbine overspeed
protection systems

11
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e develop thetechnical basis for are-evaluation of the missile probability to support relief from
potentially unnecessary and excessive tests and inspections

e assist EPRI membersin their interactions with regulators and with the implementation of
new probabilistic assessment procedures.

1.3 Report Scope
This report contains an update on findings relative to:

e Improved NDE techniques for disk bore inspections

e Assessment of probabilistic disk fracture mechanics methodology
e Missile strike probability

e Plant regulatory issues

e Case histories of regulatory relief

1-2
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2

OVERVIEW OF RISK ASSESSMENT PROCESS

Plant licensees who operate with built-up low-pressure turbine rotors consisting of shrunk-on
disks or wheels are required to demonstrate an acceptably low risk of missile generation prior to
each pogt-refueling plant startup. Many operatorsrely on analyses prepared by the turbine
original equipment manufacturers (OEMs) for regulatory compliance. OEM's a so oversee or
perform many of the disk NDE inspections that influence the disk re-inspection interval. This
chapter outlines the structure and history of the current risk assessment procedure.

2.1 Definition of Risk Components and Historical Basis

2.1.1 Bush Studies (1973, 1978)

The first study by Bush [1] defined the overall risk of damage to safety-related equipment (Pg) in
terms of three components (P, P, and P3), asshownin Figure 2-1.

Bush evaluated P; based on historical failure data obtained from awide range of turbine sizes
(including fossil, nuclear, and industrial units) and conservatively estimated an upper value of
10 per turbine-year. Bush expected areduction in failure rate to ~7 x 10 by the late 1970s due
to generd improvementsin plant equi pment and operation.

Regarding the strike probability, P2, Bush cites results of adetailed analysis by Semanderes|2]
that assesses strike probabilitiesfor typicd BWR and PWR plant layouts. Probabilities were
calculated for individual plant regionsthat contain safety-related systems. Strike probabilities
were estimated to be less than 9x10 for unfavorable turbine orientation, except for a direct
strike on the containment wall. Direct strikes on the containment structure by low trajectory
missiles (LTMs) are not expected to result in penetration through the reinforced concrete wall
based on results of analyses conducted by the Nava Ordnance Lab [3]. Therefore, the upper
limit of probability of striking safety-related equipment is effectively 10 as indicated Figure
2-1.

The damage probability (Ps) isset at avalue of 1.0, which is reasonable for unprotected strike
locations such as the control room and spent fuel pool. However, B; islikely to be lessthan 1.0
for safety-related systemsthat are protected by concrete. Using a valueof 1.0 provides an
additional small margin since Ps is calculated independent of P,. Otherwise, the combined
probability P, x Ps for each strike location could be caculated, in which |ocati on-specific values
of Ps could be used. Bush’s approach, still accepted by the NRC, isto de-couple P, and Ps. The
second study by Bush [4] provided an updated and more detailed historical-based analysis of P1
that determined 3x10-5 < P1< 3x10-4. This finding confirms Bush's earlier projection of P1
being approximately 7x10-5.

2-1



EPRI Licensed M aterial

Py P, P3

A

r Y
. . Probability of -
Br_|ttle fallur_e of 0.S. protection striking reactor Probabﬂfcy of
disk at design failure; ductile or safety- damaging
speed; typically faiIuré of disk related safety-related
SCC equipment equipment
and and and
Probability of
Disk fragment Disk fragment penetrating
penetration penetration intervening
barriers
[ P t Ile} P, P, <

Figure 2-1 Risk Components Relative to Damage of Safety-Related Equipment

2.1.2 USNRC Regulatory Guide 1.115 (1977)

RG 1.115 contains the NRC's statement that 10  is the upper limit for P4 probability per turbine-
year. The NRC also statesthat P, x P; must be lessthan 107 for new operating license
applications, and recommends that this be achieved by placing saf ety-rel ated equipment out of
the expected path of low-trajectory missiles. Barriers are an alternative method of protecting
safety-related equipment according to RG 1.115, however licensees must then prove that the
combined probability P, x Ps is less than 103,

2.1.3 Hope Creek SER (NUREG-1048 Supplement 6, 1986)

A shift in emphasis within the NRC review process is noted in the Safety Evaluation Report
(SER) for Public Service Electric and Gas Hope Creek Generating Station [6]. Following the
observation of service-induced stress corrosion cracking in disk bore regions of U.S. nuclear
turbines in the early 1980s the NRC outlined an approach for ensuring safe operation of these

plants.

107

The significance of the Hope Creek SER isthat the NRC replaced the use of historical-based
assessments of P; with detailed probabilistic analyses. This change then enabled the benefits of
periodic turbine overspeed control tests and disk inspectionsto be properly accounted for as
“plant-specific factors’ in the detailed assessment of P,.

In NUREG-1048, the NRC maintains the position established earlier in RG 1.115 that the
combined probability P, x Ps is reasonably estimated at values of 10 for unfavorable orientation
and 10° for favorable orientation. Many of the licensed plants, and some new plantsin the
process of licensing at that time were designed with unfavorable orientation of the turbine

relative to safety related equipment. It was not practical for these plantsto consider
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modificationsto produce afavorable turbine orientation. The NRC, to smplify the procedurefor
evaluating turbine missile risk, decided to discourage the submisson of detailed evauations of
the product P;x Ps, and simply credit licensees with the accepted vaues of 102 and 10°° as stated
above. The NRC emphasis then shifted toward maintaining an acceptable level for P;, which
when combined with the product of P, x Ps yields the acceptable P, value of 107

The NRC cited analyses by Burns[7] and Clark, Seth, and Shaffer [8], in stating that “missile
generation can be modeled and the assessed probability can be strongly influenced by in-service
testing and inspection frequencies’. Essentially, the NRC states that the value and uncertainty of
P, previoudly reported by Bush can be maintained at acceptable levels(i.e. lessthan 10°) by
instituting a program of turbine maintenance that includes periodic testing of the overspeed
control system and disk inspections.

2.1.4 Summary

A review of the key technical papers and regulatory documents shows how the current NRC
requirements related to the risk components have evolved. The current NRC position can be
summarized as follows:

1. The overa7| | probability of damage to safety-related equipment must be maintained at or
below 10,

2. Itispossible to calculate the probability that a turbine missile, once generated, will strike
and damage a saf ety-rel ated system. Such a calculation would take into account the
specific layout of each plant, the relation between missile size and its likelihood of
penetrating intervening barriers, and the probability of damage to safety-related equipment
once struck. However the NRC has e ected to discourage licensees from submitting this
type of detailed calculation and instead credits licensees with the appropriate ‘ standard’
value for P, x Ps (107 and 10”® respectively for unfavorable and favorable orientation) [6].

3. The allowable probability for Py iseither 10 or 10 depending on whether the turbineis
unfavorably or favorably oriented. A majority of the currently licensed plants are desgned
with unfavorable orientation and must therefore maintain P; < 10°. Many licensees have
their periodic disk inspections performed by the turbine OEM's, who submit reports
containing Py probability projections that are based on results of these inspections and a
calculated crack growth in future operation.

2.2 OEM Evaluations of Probability P,

Although EPRI does not have access to thefull set of detailed proceduresand technical bases
used by suppliers of turbines used in domestic U.S. plants, some information on P; evaluation
methods is available in the open literature [6,8].

2.2.1 General Electric

The Hope Creek SER [6] provides information on General Electric’ s approach to calculating P;.
An overview isshown in Figure 2-2.
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Figure 2-2 Overview of Approach to Turbine Missile Probability Assessment from Hope Creek SER

The General Electric approach is comprehensive, taking into account uncertainty in anumber of
variables such as turbine speed, SCC crack growth rate, material toughness, and fragment casing
penetration. The turbine speed probability caculation isakey element of the overal process
affecting not only the likelihood of destructive overspeed (ductile failure), but also the
probability of brittle failure dueto SCC aswell. Brittle failure is more probable if the turbine
experiences speed excursgons - even if they stay withinthe design limit of 120 percent of running
speed. Therefore, the probability of wheel burst as a function of speed must be integrated over
the probability distribution of speed to yield the overall probability of wheel failure.
Temperature affects the probability of brittlefailure, so this integration must be performed over a
range of probable wheel temperatures. Finally, the probability that wheel fragments, once
created, will penetrate the turbine casing must be taken into account. The assumption that all
wheel fragments will penetrate the turbine is overly conservative and extensive analyses and
tests show that many of the lower energy fragments will be contained [10]. The General Electric
turbine design features relatively massive interstage diaphragm rings, which together with the
inner casing and outer hood structure are predicted to contain all but the most massive or highly
energetic wheel fragments. Fragment energy is a function of fragment size and wheel speed at
time of failure. The latter stages, particularly the final stage, employ more massive wheel
designs and therefore aremorelikely to produce fragments with sufficient energy to penetrate
the intervening structure of the turbine casings. Compounding this situation isthat fragments
from failure of a final stage wheel are more likely to penetrate the turbine outer casing because
the inner casing may not be in the fragment path and thus be unable to absorb energy. The
overall missile analysis approach balancesthe relatively higher probability of wheel failure for
upstream stages against the lower probability of fragment penetration if these failures wereto
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occur. Conversely, the rdatively low probability of brittlefailure of the fina stage whed is
balanced by the greater likelihood that afragment (if created) would penetrate the turbine casing
structure.

The Hope Creek SER does not provide details of General Electric’s numerical technique for
combining the individual probability elements in Figure 2-2 to evaluate the overall probability.
Potential methods include use of a Monte-Carlo technique, closed-form mathematical solution
involving combinations of common distribution forms, or a*bounding” approximation based on
aselect set of deterministic analyses. The Monte-Carlo approach, if used, would be
computationally extensive due to the large number of variables involved and the very large
number of iterations needed to accurately predict the relatively low probability event of missile
generation. A review of the Facility Safety Analysis Report (FSAR) from Duke Energy’s
Catawba Plant indicates that General Electric establishes 64 different combinations of stage
groups, wheel fragment groups, and energy groups. Each group contains four elements, which
together createsthetotal of 4° = 64 combinations. The four stage groups are: Stage 7 (120 and
180 percent speed), Stages 1-3 (180 percent speed), and Stages 4-6 (180 percent speed). The
fragment groups assume various portions of the fractured wheel penetrate the casing, ranging
from the largest size (120° arc) to the least massive (“extrasmall”). The energy groups are
termed “Low”, “Mid-Low”, “Mid-High”, and “High”. More details are needed to fully
understand the mathematical approach that General Electric uses to assess missile probabilities.

It is noted that probability distributions for several of the key variables in Figure 2-2 are
reportedly based in part on results of laboratory tests, systematic in-service inspections, or
destructive tests of cracked wheels, all of which are assumed proprietary to General Electric.
The accuracy of the resulting probabiligtic anaysis likdy to be enhanced through General
Electric’ s use of this observed data on initiation rate, crack growth rate, and deep-seated material
toughness. Any independent approach to missile probability assessment may require a source of
equally reliable data. The important details of the General Electric analysis that are not fully
described in [6] relate to the fracture-mechanics modd used and the assumed stress di stribution
in the vicinity of the crack and keyway.

2.2.2 Westinghouse (Siemens-Westinghouse Power Corporation)

The Westinghouse missile analysis process reportedly first used in the early 1980’s is described
in an ASME technical paper [8]. A brief synopsisis presented below. It is not clear whether the
approach described below has changed significantly since the paper was published in 1981.

Critical crack size isestimated using asemi-elliptica surface crack in an infinite plate. The
crack length used in the analysisincludes the keyway radius. The aspect ratio of the cracksis
assumed to be 4:1, based on examination of service-induced keyway cracks. A value of 1.35is
used for the flaw shape parameter. Itis not clear whether Westinghouse uses the detailed stress
gradient surrounding the keyway, or auniform stress when evaluating the stress intensity, K.

Fracture toughness at room temperature is used as a lower bound in the analysis. Toughnessis
estimated from Charpy V-notch data supplied by the disk supplier based on an empirica
correlation developed by Westinghouse that uses upper-shelf Charpy data and materia yield
strength [9]. Itisnot stated in the ASME paper whether Westinghouse uses deep-seated FATT
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and fracture toughness propertiesin their analysis procedure. Use of deep-seated toughnessis
considered to be avery important aspect of the assessment of brittle failure.

Westinghouse developed an empirical relation for SCC growth rate as a function of disk
operating temperature and yield strength. Thisrdation is givenin Equation 5-6. The
relationship was reportedly developed based on a series of in-service ultrasonic inspection of
over 40 disksfrom operating turbines. Since only a single inspection for each disk was included
in the empirical analysis, crack initiation times were effectively assumed to be zero. (This
assumption may actually result in non-conservatism in the prediction of future crack growth).
Westinghouse reports that following the development of the relation presented in Equation 5-6, it
was successfully used to fit severa larger datasets, and they have thereforejudged it adequatefor
use in the missile probability calculations.

Westinghouse employs a probabilistic approach to evauating P,. Datafrom field inspections of
disks were used to estimate probability of crack initiation. Westinghouse employs the growth
rate formula described in the above paragraph and presented in Equation 5-6 with distributions
on both yield strength and temperature. The result isreportedly alog normal distribution for
crack growth rate variation.

The basic edge-crack mode ismodified for use in the Westinghouse analysis to incorporate a
flaw geometry factor, G, which accounts for both the gross shape of the flaw aswell as the
beneficial effects of crack branching and irregularities in the shape local to the crack tip. The
resulting crack model isgiven in Equation 2-1 below.

2
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Equation 2-1
where:

as isthe nominal critical crack size accounting for shape parameter or branching
factor

as = G-ay isalarger, effective critical crack size that includes shape parameter
and branching factor

Kc isthe material toughness

and, o is the applied stress

Westinghouse reports evaluation of critical crack sizes using samples of actual service induced
cracks has indicated a greater effective material toughness compared to laboratory specimens, by
as much as 50 percent. Thisincrease in apparent toughness is postulated to be due to the
beneficial effects of crack branching and by the actua branched shapes of service-induced
cracks. Westinghouse therefore allows the critical crack size to increase by as much as afactor
of two to account for this observed increase in apparent toughness. A factor of two on crack size
corresponds to afactor of 1.4 on toughness, which is slightly conservative relative to the 50
percent observed increase in toughness. In the probabilistic analysis, Westinghouse imposes a
uniform variation in G ranging from 1.0 to 2.0 when evaluating critical crack size. The uniform
distribution is considered conservative compared to use of a normal distribution. A distribution
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isalso assumed on parameter K¢ (variation of 15 percent) and a conservative dlowance of 10
percent increase in ¢ is assumed in Equation 2-1 to complete the probabilistic formulation. The
resulting distribution of critical crack size, a4, is presumed random and represented as a
truncated normal distribution within the range of two standard deviations. Inthe calculation
process, Westinghouse reduces the critica crack depths by the height of the keyway radius, as
well as an assumed value accounting for the depth of any undetected cracks.

Overall turbine missile probability is calculated by summing the probability values obtained for
each disk. Each probability isa product of the probability of crack initiation and the probability
of the resulting crack reaching critical size. The calculation is performed by representing the
equations in integral form and solving using conventiona numerical techniques. All calculations
for brittle failure are performed at desgn speed (100 percent running speed). An assumption is
made that the relatively greater risk of disk failure at the higher speed is more than offset by the
low probability of the turbine achieving design overspeed (typicdly defined as 120 percent). In
analyses of disks with known cracks, the probability of initiation is set at 1.0, and the initial

crack size isset at the known size prior to projecting the increase in crack length over time.

Disk fragment penetration of the turbine casing isnot discussed by Clark et. d. [8]. The paper
refersto a separate analys's, and states that the results of this separate analysis are used to refine
the missile probabilities to account for fragments that are contained by the turbine casings.

Overall missile probability results are presented as tables of probability versustime, relative to
the last inspection. The plant operator then selects the disk re-inspection interval based on the
requirement to maintain the value of Py below 10°.

2.3 Assessment of Current Approach to Analysis of P;

The summary information presented in the previous section regarding OEM processes for
evaluation of P; provides the basisfor a preliminary assessment of thelevel of conservatism (or
non-conservatism) in these analyses. Until more details are obtained on these OEM analyses,
many of the cited areas of conservatism must be consdered potential atthistime. This
discussion will be the basis for going forward toward the overall project goal of providing
nuclear plant operatorswith relief in the area of turbine control system testsand disk inspection.
Five points are discussed in the following paragraphs:

2.3.1 Crack Model

Both OEM procedures should be studied to assess the fracture mechanics mode used to establish
critical crack size. A simple edge-crack modd may be employed by the OEM analyses. Cracks
that originate at the bore of the disk may be more accuracy characterized using athick-walled
cylinder model, or amodel that includes ahole in alarge plate. Figure 2-3 shows the differences
between the edge-crack mode commonly used and amore appropriate cylinder or hole-in-plate
model. Depending on the ratio of the hole diameter to the disk outer diameter, the model of a
hole in an infinite plate may be less compliant than the corresponding edge-crack modd, and will
therefore predict alarger critical crack size.

Another consideration in selecting a crack mode isits ability to accurately account for the
significant local stress gradients near the bore keyway. The assumption of uniform stress, as
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shown in the edge-crack model of Figure 2-3, may be overly conservative given the sharp
reduction in disk stress at locations away from the keyway. Additional conservatism can
therefore be removed from the analysis through use of an appropriate critical crack size model,
however the trade-off is that these models must be solved using anumerica process typically
found in commercial fracture-mechanics analysis software [15].

The final consideration in selecting acrack modd is the ability to employ arealistic crack aspect
ratio. The most conservative assumption for crack geometry is athrough-crack, which extends
the full width of the bore. Semi-élliptic cracks, asshown in Figure 2-4, are reportedly more
common and also less conservative.

Chapter 4 of thisreport discusses the choice of crack modd, stress distribution, and aspect ratio
in more detail. Examples of the benefits of using these more sophisticated models are given in
the case studies presented in Chapter 5.

A
o
edge crack
hole in infinite plate
Y

Figure 2-3 Crack models relevant to disk keyway cracking
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Figure 2-4 Aspect ratios of disk keyway cracks

2.3.2 Process for Combining Uncertainty in Analysis Parameters

An evaluation of P; must take into account the variations and uncertainty in values of the key
analysis input parameters. Examples of these parameters include material toughness, measured
crack size and aspect ratio, crack growth rate, disk temperature, and applied stress. A variety of
mathematical approaches can be used to account for these variations. The existing OEM
analyses appear to evaluate P; using a type of closed-form solution technique that use standard
distribution formsto define the range of values for the input variables. An alternative approach
isto usea Monte-Carlo (or random-walk) procedure, smilar to that employed in EPRI’s SAFER
program [11] and LPRimLife software [12]. The Monte Carlo approach analyzes thousands of
combinations of input parameter values, within the user-defined defined range of each. Thisis
inherently a numerically intensive approach, but has become more practicd in recent years as the
cost of numerical computation has lowered and computational speed has increased. Inthis
application, the result of aMonte-Carlo simulation isthe probability of a crack reaching a
specified size over defined time periods. Thistype of result directly satisfies the analysis
objective, which isto estimate the probability of brittle failure prior to the next disk inspection.
The lower the probability of an event (such as missile generation), the greater the number of
Monte-Carlo iterations required for areliable probability estimate.

It is not clear how much, if any, conservatism exists in the present OEM process as aresult of the
probabilistic analysis methodology currently used. It is possible that in adopting a numerical
approach such as Monte-Carl o, more accurate probability distributions can beemployed to
define the key input parameters. A more detailed study, including comparison calculations, is
recommended to assess any inherent advantages to replacing the closed-form approach with a
numerical procedure such as Monte-Carlo for probabilistic evauation of brittle failure.

Chapter 4 of this report contains a more detailed discussion of probabilistic assessment
methodology as applied to disk failure.
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2.3.3 Disk Inspection Techniques

The assessment of P isdirectly related to the uncertainty in the detection and sizing of service-
induced cracks in the bore and keyway region. The current practice for disk inspection utilizes
ultrasonic test (UT) methods to detect and sze cracks in the boreregion [16]. Studies performed
by the OEMs have resulted in probability datarelative to detection and sizing of bore cracks
[13]. Theability of UT systems to detect cracks depends on the crack location. Cracksinthe
hub area are easier to detect than those |ocated in the web region, and the OEM detection
probability datareflectsthisrelative uncertainty. These uncertainties in both detection and sizing
of cracks factor directly into the resulting probabilistic calcul aion of P;.

Chapter 4 of this report contains a discussion of the application of improved UT techniques to
the inspection of disk keyways. A preliminary assessment of the potential benefits of advanced
UT technology is presented.

2.3.4 Turbine Control Failure Probability

Assessments of the probability of turbines reaching destructive overspeed due to load
interruption has been based on historical analysis of failures of individual components|[1,7].
Components include the individual stop and control valves, their respective control systems, the
intercept stop/control valves and their control systems, and finally the mechanical and/or
electrical sensors designed to detect turbine overspeed. The NRC describes a straightforward
methodology for combining the reported failure data from the industry for each subsystem to
yield an overall probability of achieving destructive overspeed per turbine-year [7].

In astatistical sense, the accuracy of failure projections improves as the sample size increases
(i.e. number of turbine-years of U.S. nuclear operation). The accuracy of Py, defined in Figure
2-1 should improve, therefore, by continually reassessing the probability of turbine overspeed
control failures using up-to-date industry data. Evidence suggests that the probability will
decrease by accounting for recent event data, since there has been practically no occurrences
involving loss of turbine control at nuclear plants. For example, Generd Electric has released a
non-proprietary report that describes areduction in failure probability of turbine controls and
valves as aresult of areassessment of the General Electric nuclear turbine fleet performed in the
early 1990s[14]. Compared to the original valve failure-to-close data, General Electric reports a
reduction of between 21 to 48 percent in probability of valve failure. The reported range in
reduction corresponds to performance of the various systems such as main stop, main contral,
and intercept valves, etc.

A revised assessment of Py,, including event data reported since the early 1990s, could
potentially further reduce the Py, probability. Many of the control system failures are attributed
to mechanisms such as EHC fluid contamination. Likewise, vavefailure-to-close events are
often related to sseam chemistry. The increased industry awareness of both EHC fluid
contamination and steam chemistry issues may yield improved operating practices that in turn
contribute to a future decreasein P, [17].

2.3.5 Improved P; Assessment Process

The technical approach that would be required to develop an independent process for assessment
of P, issummarized beow. This approach should not beinterpreted asthe final EPRI
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recommendation at thistime, but rather atechnical description of what would constitute the most
complete approach in the absence of al other issues such as regulatory or project funding issues.
Additional technical details on some of the steps identified below are discussed further in
Chapter 4 of thisreport. Regulatory issues are discussed in Chapter 3.

1. Investigate the current OEM probabilistic analysis processin more detail, to confirm
possible areas where conservaism can be removed. This invegigation would be
contingent on receiving permisson from the OEMs, since these procedures are cons dered
proprietary.

2. ldentify all input data considered critical to successful use of any proposed new P;
assessment procedure. Thisincludes, for example, materia toughness data, crack growth
rate, SCC initiation probability data, component geometry, disk loading and temperature,
and failure data on components of the turbine overspeed protection system. Perform an
assessment of each parameter to determine the availability of suitable data in the open
literature (both mean values and variation). ldentify those parameters that are not
documented in the open literature that will therefore require additiona research to evauate.
|dentify potential sources of replacement data, and the effort involved in obtaining this
data.

3. Qualify advanced NDE techniques such as phased-array for detection and sizing of bore
cracking in shrunk-on disks. Thiswill require arigorous program of tests on scrap wheels
containing service-induced SCC (both General Electric and Westinghouse design).
Produce a database that defines uncertainty in both detection and sizing as afunction of
disk type and axial location (i.e. hub location versus web location).

4. Obtain acomplete list of reported events relating tofailure of any component of domestic
nuclear turbine overspeed protection systems. A potential sourcefor this datacould be the
Institute of Nuclear Power Operation (INPO). Use this event data as the bases for arevised
analysis of the probability of overspeed protection system failure, smilar to that proposed
by Burns[7]. To the extent possible, categorize the data to reflect OEM, the control
system vintage, valve design, etc.

5. Develop technical specifications for the computer program that performs the entire P;
assessment. This program must include a probabilistic assessment of both brittle failure
and therisk of overspeed protection (P1, and Py, respectively).

6. Develop and verify computer code under a Nuclear QA program.

Accomplishing all the above steps will require asignificant level of funding. During the past 25
years, the OEMs have expended significant effort in quantifying deep-seated materia properties,
assessing uncertainty in disk inspections, and obtaining crack growth rates through inservice
inspections. Some of this datais not possible to obtain independently without destructively

testing a number of turbine disks.
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REGULATORY ISSUES

I mplementation of any revised procedurefor assessing the risk of damage to plant safety-related
equipment by turbine missiles must include consideration of regulatory issues. Each licenseeis
responsible for determining the specific regulatory path to implement arevised missile analysis
procedure. Interface with the regulators must be the responsibility of the licensees, either
individually or as an industry group. EPRI’srole in this processis primarily to provide technica
guidance, manage the development of all analysis procedures and databases that support the
individual licensees, and assist in organization of any industry group to interface with regulators.

3.1 Process Overview

Figure 3-1 isaflow diagram that contains a general description of the basic regulatory paths
involved in implementing arevised turbine missile probability assessment, or a change to the
existing requirements regarding either disk inspection or turbine control testintervas. Thereis
no standard licensing agreement for U.S. nuclear plants, which means that each plant’s
regulatory path may be different.

Each plant should first examine their operating license to determine whether specific language
existsthat pertains directly to missile probability assessment methodology, disk inspection
frequency, and/or turbine overspeed control testing intervals. If such language exists, processing
alicensing change is necessary, and is done according to plant procedures. The proposed change
cannot be implemented without appropriate internal/external approvals of this licensing change.

If the license does not contain specific language relating to missile probability assessment
methodology, disk inspection frequency, and/or turbine overspeed control testing intervals, then
other documents which comprise the current licensing basis (CLB) must be examined. These
documents include the updated facility safety analysis report (UFSAR) and the technical
specification bases. If the CLB documents do not specifically reference, describe, or mandate
aspects of the disk inspection and turbine contral test intervd, then regulatory action may not be
required. It is more likely, however, that the CLB does reference the subject of missile
probability and the related maintenance requirements, which will mean that changes to these
documents are required and must be made in accordance with plant procedure.
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Figure 3-1 General Regulatory Process

3.2 Issues Relative to 10 CFR 50.59

10 CFR 50.59 allows the licensee to make changes to the facility or operations as described in
the facility safety analysis report (FSAR) without obtaining a licensing amendment only if the
change meets certain requirements. The turbine missile analysis is described in the FSAR of
many plants. Because any change to the turbine inspection/test procedures may “result in more
than a minimal increase in the likelihood of occurrence of a malfunction of a structure, system or
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component (SSC) important to safety previously evaluated in the FSAR as updated,” such a
change could consequently require alicense amendment. An example would be aplant in which
the turbine has an unfavorable orientation and the NRC originally accepted the turbine missile
analysis based on a six-year inspection interval. This plant would need to file alicensing
amendment to go to aten-year interval.

In the event that the plant wished to extend the interva to ten years, arevised procedure could be
used to define the probability of generating a turbine missile. However, because the new
evaluation procedure is a departure from the method of evaluation described in the FSAR (as
updated), and the analysiswould likely beless conservative, the NRC would have to approve the
method for determining missile probability. Thisassumption is based on NEI 96-07, Section 3.4.

Another question used to determine if a change requires an evaluation under 10 CFR 50.59 is
“Doesthe activity resultin more than a minimal increase in the frequency of occurrence of an
accident?” Minimal in this case is defined as ten percent. The minimal increase requirementis
constrained by the additiond stipulation that the licensee must meet al other requirements or
other NRC acceptance criteriato which the licensee is committed. To the extent that a
commitment existsin the current licensing basis to follow OEM recommended procedures, a
licensing amendment could be required by 10 CFR 50.59. NEI 96-07 does alow for a plant-
specific accident frequency analysis to be used to demonstrate meeting the minimal probability
change requirement for alicense amendment.

3.3 Issues Relative to 10 CFR 50.65 (The Maintenance Rule)

The following paragraphs describing the maintenance rule are excerpted from Regulatory Guide
1.160. NUMARC 93-01 provides guidance for compliancewith the Maintenance Rule:

Paragraph (a)(1) of 10 CFR 50.65 requires that power reactor licensees monitor the performance
or condition of SSCs (structure, system or component) against licensee-established goasin a
manner sufficient to provide reasonable assurance that such SSCs are capable of fulfilling their
intended functions. Such goals areto be established commensurate with safety and, where
practical, take into account industry-wide operating experience. When the performance or
condition of an SSC does not meet established gods, appropriate correctiveaction must be taken.
Paragraph (a)(2) of 10 CFR 50.65 states that monitoring as specified in Paragraph (a)(1) isnot
required where it has been demonstrated that the performance or condition of an SSC is being
effectively controlled through the implementation of appropriate preventive maintenance, such
that the SSC remains capable of performing its intended function.

Paragraph (a)(3) of 10 CFR 50.65 requires that performance and condition monitoring activities
and associated gods and preventive maintenance activities be evaluated at |east every refueling
cycle provided the interval between evaluations does not exceed 24 months. The evaluations
must be conducted taking into account, where practicd, industry-wide operating experience.

Paragraph (b) of 10 CFR 50.65 states that the scope of the monitoring program specified in
Paragraph (a)(1) isto include safety-related and non-safety-related SSCs as follows:

(1) Safety-related structures, systems, or components that are relied upon to
remain functional during and following design basis events to ensure the integrity
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of the reactor coolant pressure boundary, the capability to shut down the reactor
and maintain it in a safe shutdown condition, and the capability to prevent or
mitigate the consequences of accidents that could result in potentid offste
exposure comparable to the 10 CFR 50.34(a)(1) or 8 100.11 of this chapter, as
applicable.

(2) Non-safety-related structures, systems, or components

(i) That arerelied upon to mitigate accidents or transients or are used in
plant emergency operating procedures (EOPS)

or

(if) Whose failure could prevent saf ety-rel ated structures, systems, and
components from fulfilling their safety-related function

or

(iif) Whose failure could cause areactor scram or actuation of a saf ety-
related system

The turbine-generator is not a system that isrelied upon to mitigate an accident or a transient.
However, in the case of turbine missiles, the damage resulting from amissile could prevent other
systems or components from fulfilling their safety related function. Also, the failure of the
turbine generator system would cause areactor scram. Therefore, the turbine generator system is
within the scope of the Maintenance Rule 10 CFR 50.65.

The guidance in NUMARC 93-01 states that normally-running systemsthat are non-risk
significant are addressed under (a)(2) above and their performance is monitored against plant
level criteria. If plant level criteria are not met, and amaintenance preventable failure (MPFF) of
the non-risk significant system is identified as the root cause, the system may then be moved to
category (a)(1) or continue in (a)(2) after corrective action. The turbine generator may aso be
addressed under category (a)(2) because its performance is being effectively controlled through a
preventive maintenance program.
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A

DETAILS OF RISK ASSESSMENT APPROACH

Chapter 2 defined the basic elements that comprise the risk of damage to plant safety-related
equipment due to turbine missiles. An overview of what is published regarding the current risk
assessment procedures developed by the domestic U.S. nuclear turbine suppliers was also
presented in Chapter 2. Finaly, Chapter 2 proposed potentia areas that should be explored for
removing conservatism. Chapter 3 briefly discussed the regulatory ramifications of changing
either the risk assessment procedure, disk inspection interval, or turbine overspeed control
system test frequency. This chapter provides technical discussions on several facets of the
revised processfor evd uating P1 that may be developed under this program.

Chapter 4 topics include the assessment of turbine overspeed protection system failurerisk,
application of advanced disk bore/keyway NDE techniques, disk brittle failure probabilistic
assessment, disk fragment penetration through casing, and missile strike probability. These areas
will be consdered in selecting the most cost-effective approach to removing conservaism in
development of any future revised missile probability assessment.

4.1 Failure of Overspeed Protection System

It has long been recognized that the steam turbine has the potential to generate energetic missiles
if ashrunk-on turbine disk were to fail. The resulting disk fragments, or missiles, could cause
damage if they strike other plant safety-related equipment. Generally, turbine manufacturers
have consdered two failure modes. The first mode postul atesfailure at running speed (or
controlled overspeed which is generally considered to be up to approximately 20 percent
overspeed). Failurein thisfirst scenario would occur if the disk contained flaws or cracks that
initiate rapid brittle crack growth when the material toughness is exceeded. The second failure
mode occurs when the overspeed protection system fails, resulting in the turbine potentially
attaining speeds as high as 180 to 190 percent of rated speed. At these high rotor speeds, the
centrifugal tensile stresses in the disks will eventually exceed the tensile strength of the material
and ductilefailure will result, even if the disk initially contains no flaws or cracks. This scenario
is often termed destructive overspeed.

Thereliability of turbine steam valves and related systems must be accounted for inthe anaysis
of overspeed probability. Thesevalves and associated components areidentified by Burnsin his
early analysis of turbine overspeed probability and areitemized beow [1]:

e stopvalves

e control valves

e intermediate stop valves

e intercept valves

e associated sensors, electronics and hydraulics for control of valve motion

Various manufacturers have compiled event datafrom surveys relating tofailure of vave control
components and combined this with reported valve failure-to-close data to evauate the overdl
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probability of control system failure and consequential ductile wheel failure [2]. These
probabilitieswill vary depending primarily onthe valve design, themodd of control system in
use, and the interval of surveillance tests performed on the valves and associated valve control
components. The EHC/MHC system maintenance practices at individual plantswill also affect
the probability of overspeed protection system failure, but thisis not specifically accounted for in
overall industry event analysis.

In general, the cdculated probability of losing control of turbine speed issmall, with early-
published data indicating probabilities on the order of 107 to 10 [1]. Therefore, in most
situations the overall probability of generating aturbine missile isdriven by the likelihood of a
brittle failure caused by stress corrosion cracking in the bore/keyway region. The turbine
manufacturers have adopted the postion taken by Burns[1] and endorsed by the NRC (Hope
Creek Safety Evaluation Report, NUREG 1048) that as valve surveillance test intervals are
extended, the probability of failure of the overspeed protection system also increases. As this
component of failure probability is increased, the corresponding contribution of a destructive
overspeed event to the overall missile probability (P;) becomes greater. Manufacturers, inther
standard reports to turbine operators containing calculated missile probabilities, give options that
offer atrade-off between valve testing intervals and wheel boresonic test intervals. In thisway,
operators whose turbines have few or no bore indications can increase the intervals between
valve surveillance tests, and still stay below the required upper limit of P;. Burns analysis
presents valve failure data and shows the quantitative effect of changing valve testing intervas
from daily, to weekly, monthly and even yearly [1]. Each of these incremental increasesin
interval increases the estimated control system unreliability by approximately one order of
magnitude according to Burns.

In 1991, General Electric initiated a survey on turbine overspeed protection performance on
behalf of the BWR Owner’s Group [2]. The survey results were used to recalculate the
probability of various abnormal control system failures that could cause an overspeed event. The
results presented in [2] indicated reduced failure probabilities in general, presumably due to the
use of morerecent data. Thisisbeneficial to operators, and provided a basisfor offering some
relief in valve testing intervals. Because ten years has passed since this survey, it would seem
desirable to conduct a new survey and recalculate the probabilities with new and more complete
industry event data. A further reduction in calculated probability may be justified as aresult of
this effort, dueto the ongoing industry control system retrofits and an increased level of
awareness and preventative maintenance activity related to EHC fluid quality.

EPRI could perform an updated survey, or research available industry event data to establish the
updated probability of aturbine attaining destructive overspeed. This raw event data could be
processed in a manner similar to that used by Burns[1]. However, other statisticad approaches to
evaluating the effect of varying the valve surveillance test intervals should be researched as well.
A key guestion isthis ...can the extent to which frequent surveillance testing of the overspeed
protection system decreases the probability of attaining destructive turbine overspeed be
guantified? Since failure of redundant systems isrequired for the turbine to reach destructive
overspeed, surveillance testing of each individual system will help reduce the probability that
both parallel systems will fail ssimultaneously. The statistical processfor evauating the industry
event data should be re-examined to ensure that thereis no excessive conservatism, or non-
conservatism in the manner that results of surveillance test are used to determine the probability
of destructive overspeed.
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The maximum interval of surveillance testing currently recommended by the manufacturers,
irregardless of the calculated probability, is quarterly/quarterly/quarterly for the stop valves,
control valves, and intermediate valves respectively. If thereisno operating history in U.S.
plants corresponding to intervals greater than quarterly, the desired extension of test intervals
beyond quarterly would therefore represent an extrapolation based on the industry’s current
operating history. Cond deration must be made, therefore, of the possibility of new failure
mechanisms involving the valves, valve controllers, or sensors that become significant once the
test interval extends beyond quarterly. Theremay be new reliability issues, for example, with
the large steam vaves for nuclear unitsor the turbinetrip mechanisms that have not yet appeared
in the industry because these systems have been tested fairly frequently for the past thirty years.

4.2 Inspection of Shrunk-on Disks

Stress corrosion cracking in shrunk-on turbine disks is a problem that has been experienced
globally since the catastrophic failure of the Hinkley Point low-pressure rotor in 1969. Since that
event, the industry has implemented improved disk designsfor retrofit applications and massive
forgings for production of rotors with integral disks to mitigate the problem. For those rotors
operating with the original shrunk-on disk design, periodic nondestructive examination (NDE) of
the disks is necessary for early detection of stress corrosion cracking and for monitoring crack
propagation to ensure that critical crack size is not reached during operation. State-of the-art disk
ingpections generally use conventiona fixed angle ultrasonic technology (UT) for crack
detection and sizing. The limitations of thistechnology contribute to conservative predictions for
disk remaining life. Advanced ultrasonic techniques, such as phased array ultrasonics, offer
improved detection and sizing performance resulting in more accurate ultrasonic data for
remaining life predictions and, ultimately, increased intervals between inspection outages.

Low-pressure rotor shrunk-on disks are keyed to the rotor shaft to maintain relative position
during torsional loading. During rotor assembly, akey is inserted between matching keyways
machined in the outer diameter of the rotor shaft and the inner diameter of the disk bore. The
number of keyways per disk varies in number and shape depending upon the manufacturer.
Examples of typical keyway configurations are shown in Figure 4-1 [1]. The disk keyway
produces a stress concentration in the nominally highly stressed disk bore area. Additionally the
keyway areatraps corrosive contaminants that precipitate from the passing steam. These
corrosive agents are afactor in the initiation of stress corrosion cracking in the keyway areasand
other locations within the disk bore.

Detection and sizing of stress corrosion cracking in the disk bore/keyway area has historically
been accomplished with conventional ultrasonic technology. Collectively these inspection
techniques have used focused and non-focused, pulse echo and pitch catch, single and tandem,
transducers for detection and sizing with success. I|mplementation of linear phased array
transducer technology, as areplacement for conventional NDE technology in other turbine
ingpection applications, has resulted in improved performance in terms of flaw sizing and flaw
characterization. The objective of this effort isto determine whether the keyway/bore inspection
may also benefit from application of this advanced NDE technology [2]. A description of the
feasibility investigation performed at EPRI’SNDE Center in 2001 is presented below.
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single rectangular keyway multiple round keyways

Figure 4-1 Typical keyway configurations

4.2.1 Equipment Description

A linear array UT inspection probe is comprised of a series of individual, small ultrasonic
transducers arranged in arow or array. Each transducer element has its own electrical
connections and is acoustically isolated from the other elements. Varying the timing pulse and
reception for each element controls the angle, mode and focus of the composite ultrasonic beam.
The array probes successively generates longitudinal or shear mode beams from 30 to 80 degrees
(typically), in one-degree increments[2].

For this investigation, a 32-element phased array transducer was used to transmit and a 24-
element phased array transducer was used to receive (pitch-catch configuration). Both
longitudinal and shear wave focal laws were designed for beam angles from 64 to 89 degreesin
0.5 degree steps. An R/D Tech Tomoscan data acquisition system, an R/D Tech FOCUS phased
array control unit and an R/D Tech Manual Encoder were used for data collection.

4.2.2 Experimental Disks and UT Setup

Two turbine disks were selected for usein thisinvestigation as shownin Figure 4-2. Onedisk is
retired from service with known service-induced cracking in the disk keyway area. The other
disk isamockup fabricated with multiple keyways featuring EDM notches and implanted cracks.
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[keyway 4] [keyway 3]

Figure 4-2 Test disks used in investigation

In-service inspection of shrunk-on disks usually requiresthat the LP rotor be rotated while a
fixtured transducer rides the disk surface. In this investigation, the disks were not installed on a
rotor, so the phased array transducer was fixtured to a smple scanning arm and manual encoder
as shown in Figure 4-3, eliminating the need to rotate the disks.

Figure 4-3 Scanner mounted on disk

Typical techniques for inspection of the disk bore/keyway area use a series of individual,
conventional, single angle, ultrasonic probes (Figure 4-4). The use of non-focused, fixed angle
probes in along metal path application, limits flaw sizing performance and efficient inspection
coverage of the area of interest. Usually, severd different transducer inspection angles combined
with multiple inspection locations are required to achieve reasonable inspection coverage [1].
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f——» >

keyway /

Figure 4-4 lllustration of inspection location on disk [1]

Linear phased array transducers offer improved performance and versatility compared to
conventional transducers. The ability to dynamicaly steer the beam angle of alinear phased
array transducer and capabilities for beam focusing, as depicted in Figure 4-5, offer adistinct
advantage as compared to anon-focused fixed angle conventiond transducer.
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focus
operation

multi-angle
operation

Figure 4-5 Linear phased-array application for disk bore/keyway [1]

4.2.3 Technique Investigation

In preparation for inspection of the two disks, a computer model was used to determine optimum
probe position for inspection of the keyway area. Disk geometry and inspection parameters were
included in the model. The phased array probe was positioned and scanned based on information
from the model.

Datafor this experiment was collected from the discharge side of the disks only, using a dual
phased array probe in pitch catch mode. For each keyway, scanning was performed with the
search unit aimed in both the d ockwise and counter clockwise direction for the skew angles,
which resulted in obtaining incident anglesrelative to the side of the keyway of 90 and 50
degrees. Each keyway was also examined with the search unit aimed at the centerline of the disk
(zero degrees).

4.2.4 Discussion of Results from EPRI Disk

Table 4-1 contains results from measurements performed on notches and the crack inthe EPRI
disk and on theinservice crack of theretired disk. Crack locations are identified on the diagram
in Table 4-1. EDM notchesthat were located in the keyways at approximately the same axial
position (notches #3 & #6) asthe search unit contact surfaces on the disk web section were
detected with all techniques. Notchesthat were located in the keyways at approximately the disk
axial mid-position (notches#2, #5 & #8) section were detected with some but not all techniques.
None of the notches located below the axid mid-postion (#1, #4, & #7) were detected. Notch

#9, which is located axially approximately four inches below the contact surface of the search
unit, was detected with both modes at the 50 and 90-degree skew angles.

The crack located in keyway number five of the EPRI disk, was detected with all techniques. The
crack appearsto be at an angle more tangentia then radia from the keyway surface. The
maximum radial depth measured with this equipment is 0.06 inches. See Figure 4-9 and Figure
4-10 (aview looking down the keyway from the disk face). Figure 4-7 and Figure 4-8 show
notch #3 using the same view as the above. Figure 4-6 shows this same view of keyway number
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one with no notches present. Figure 4-11 and Figure 4-12 show the “A” scan presentation with
the 50 degree incident skew angles for each mode. Note the width of the crack envelope (a
characteristic crack signature). The inservice crack in the retired disk appears to run in aradial-
axial plane and was detected with both modes using a 45 degree skew and with one mode using a
90 degree skew. No radia depth information was determined.

4.2.5 Conclusions and Recommendations

The observation of the test results in thisreport clearly demonstrates the potential for phased-
array technology to improve over use of the present fixed angle techniques in both crack
detection and crack sizing. It is predicted that subsequent inspection from the admission side of
the disks would have resulted in detection of the notches|ocated past the axial mid-position
(Notches#1, #4, & #7). The ability to inspect the disk bore/lkeyway area with multiple angles,
simultaneously, improves the inherent flaw detection probabilities and provides multiple angle
sizing information. These attributes may also reduce the time needed for inservice inspection due
to areduction in the number of setups required (as compared to a conventional fixed angle probe
inspection) to inspect the disk bore/keyway area of interest. Pitch-catch array techniques will be
required to optimize detection and sizing in the mid-axial sections of adisk. Utilizing single
arrayswith smaller contact areas and better latera beam directivity should significantly improve
on this technology capability shown in thisreport [3].

Table 4-1 Turbine disk keyway ultrasonic data

Notch Number 90°LW | 90°SW 50°LW 50°SW 0°LW 0°sSwW
#1 nd nd nd nd nd nd
#2 nd nd 2.0:n nd nd nd
#3 2.5an 3.0en 3.0en 8.0en 3.8mm 3.9mm
#4 nd nd nd nd nd nd
#5 nd 3.0:n nd 6.0:n nd nd
#6 3.0en 4.0an 2.5an 3.0:n 4.2mm 2.6mm
#7 nd nd nd nd nd nd
#8 2.0:n 2.0:n nd 7.0:n nd nd
#9 2.5an 3.0en 4.0an 4.0an nd nd
Crack 10.0sn 15.0:n 12.0sn 14.0sn 0.5mm 1.8mm
. 4.0an 4.0an
Inservice Crack nd 2.5an nd nd
(45°LW) (45°SW)
Key:
SW= shear wave transducer
LW=long wave u
sn= signal to noise amplitude
nd= no detection
Notes:
The 0° detections are given in radial depth (mm).
Incident angle and mode at the heading ofeach | L .
column to identify the technique used.
13,6] |2.5.8] [1,4,7]
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Figure 4-6 Image from keyway #1 of EPRI disk, no notches
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Figure 4-7 Image from Notch #3 of the EPRI disk using long wave, zero-degree skew
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Figure 4-8 Image from notch #3 of EPRI disk using shear wave, zero degree skew
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Figure 4-9 Image from crack in EPRI disk using long wave, zero degree skew
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Figure 4-10 Image from crack in EPRI disk using shear wave, zero degree skew
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Figure 4-11 Crack "A" scan using long wave, 50 degree incident angle
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Figure 4-12 Crack "A" scan using shear wave, 50 degree incident angle

4.3 Disk Brittle Failure

Disk brittle failure occurs when the crack tip stress intensity exceeds the disk fracture toughness,
and isthe principal failure mechanism for LP rotor shrunk-on disks affected by stress corroson
cracking (SCC) at the disk bore and keyway regions. This failure mechanism takes precedence
over net-section overload (limit load) failure when cracking is present because disk fracture
toughness (K) isfinite and flaw instability is predicted to occur before net-section overload in
the event of overspeed. This report section focuses on key elements that govern disk brittle
failure.

The key elements influencing disk brittle failure can be separated into four principa categories,
asillustrated in Figure 4-13:

e Stress—induced by mechanical and thermal effects

e |nitial Crack Size — measured using nondestructive examination
e Critical Crack Size — estimated using fracture mechanics

e Crack Initiation and Growth — determined from materid tests

Each of these categoriesis addressed in further detail below.
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Figure 4-13 Key elements influencing disk brittle failure

4.3.1 Stress

Applied stresses in the disk due to mechanical and thermal contributions are discussed in the
following paragraphs (see Figure 4-13). Mechanical stressesresult from two types of
mechanical loading, shrink-fit and rotation as described bel ow:

Shrink-Fit: Thisis the pressfit or interference fit between the disk and shaft at
assembly to transmit rotational torque from the disk blading to the shaft during
normal operation. The magnitude of the shrink fit (radial interference) is typically
calculated during rotor design to ensure contact between disk and shaft up to
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about 120 percent of rated speed (or 20 percent overspeed). A keyway coupling
between the disk bore and shaft provides torsona coupling for rotor speeds
beyond the design limit of 120 percent rated speed. Datafrom a 1984 EPRI study
[6] indicates that the magnitude of interference istypically 0.15 percent to 0.18
percent for the GE design and 0.19 percent to 0.30 percent for the Westinghouse
design. Stresses dueto shrink fit are the highest a zero rotor speed and decrease
as afunction of the square of rotational speed, typically becoming insignificant at
or above 20 percent overspeed. Hoop stresses due to shrink fit are highest at the
disk bore and decrease by afactor of about three to four moving radidly outward
from boreto rim. Sample distributions of radial stress distributions are presented
in Chapter 5.

Rotation: Stresses due to rotational inertia of the disk and attached blading
increase as afunction of the square of rotationa speed and are therefore the only
primary stresses in the shrunk-on disks that can result in gross overload failure
during arun-away overpeed. Hoop stresses due to rotation are highest at the disk
bore and decrease radialy outward from bore to rim by afactor of about three to
four, similar to the shrink-fit stress distribution.

The combined mechanica stresses due to shrink fit and rotation result in ardatively high stress
level in the disk over the entire speed range, with theloss of shrink fit stresses being offset by
increasing centrifugal stress (see Figure 5-1, Figure 5-11, and Figure 5-22 in Chapter 5).
Nominal bore stresses at 1800 rpm, from Reference [6], are in the range of 40 to 55 ks for a
typical GE nuclear LP rotor and 60 to 70 ks for atypical Westinghouse nuclear LP rotor.

Thermal stresses develop in the disk during startup/shutdown. The stresses arise from both
radial and axial temperature gradientsthat are caused by transient heat transfer. A startup,
negative temperature gradients develop radially from the disk rim toward the bore and axialy in
the direction of steam flow. From the standpoint of disk brittle failure, transient thermal stresses
during startup are of concern because this contributes to even higher tensile stresses near the disk
bore, which combined with the typically lower metal temperatures a the disk bore location
during startup may increase the risk of brittle failure. For typical double-flow LP rotors with five
to seven shrunk-on disks per flow (see Figure 5-15), the first few disks are subjected to higher
steam temperatures and thus have the potential for developing significant thermal stresses. For
typical inlet steam conditions of approximately 200 psig and 500°F [6], the first two or three
disks see superheated (dry) steam. Therefore, the potentia for higher therma stressesin the first
several disksis offset by the minimal amount of time these disks may be surrounded by wet
steam, which isanecessary prerequisite for the onset of stress corrosion cracking (SCC). For the
downstream stages, which are in continual contact with wet steam and experience higher
disk/blade centrifuga stresses, theleve of therma stresses relative to mechanica stressesis
relatively small. For diskswith higher FATT values, and therefore lower fracture toughness at
these lower startup temperatures, a transent therma analysis could be performed to identify any
susceptibility to brittle fracture during startup.

Keyways provide torsional coupling between the disk and shaft at speeds above approximately
120 percent of rated speed. Axial keyswith round or rectangular cross-section are often used.
The Westinghouse design uses three round keys, typicaly 0.75 inch in diameter, spaced equally
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at 120° intervals around the disk/shaft interface (see Figure 4-14). The stress concentration
factor (Ky) inthe disk for thisaxial semi-circular keyway is3.0. The GE design typically
incorporates asingle axial key of rectangular cross-section between the disk and shaft (Figure
4-15). The keyway in the GE disk designistypicaly 0.625 inchin height by 2.5inchesin width.
A stress concentration factor (K;) of 2.2 is calculated for this keyway design based on finite element
analysis[6].

The decay in the peak K, value (either 3.0 or 2.2) with distance from the keyway surface, from [6],
is evaluated by Equation 4-1:

K, (X)=1+(K,- 1)[ 0.25(% Y+ 0.75(R%RX )! ]

Equation 4-1
where:

R isthe keyway depth (0.375 inch for Westinghouse or 0.625 inch for GE)
x istheradial distance into the disk from the keyway top surface

A typical stressdistribution with depth from the surface is presented in the first case history
contained in Chapter 5 (Figure 5-2).

Peak elastic surface stress for atypical Westinghouse keyway, from [6], were calculated to be
above 160 k9. An elastic-plastic anaysis assuming adisk yield strength 120 ksi predicted a
plastic zone depth of approximately 0.1 inch. It was shown that for 20 percent overspeed, the
benefit of the localized plastic zone is small from afracture mechanics standpoint. For the GE
design evaluated in [6], the peak keyway surface stress was approximately 100 to 110 ks.
Plasticity was therefore predicted to be highly localized and insignificant. Interms of relative
importance of plasticity from an overall evaluation standpoint, the reduction in conservatism by
using elastic-plastic stresses instead of elastic stresses is insignificant - provided the critical crack
depth is much larger than the depth of the plastic zone.
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Figure 4-14 Schematic of keyway design used by Westinghouse in shrunk-on disk LP rotors [16]
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Figure 4-15 Schematic of keyway design used by GE in shrunk-on disk LP rotors [16]
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4.3.2 Initial Crack Location and Size/Shape

The location and size of existing cracks (see Figure 5-9) is another factor influencing the
probability of brittle failure. Crack detection and sizing using UT inspection was discussed in
the preceding section of thisreport. From the standpoint of disk brittle fracture analyses,
however, the location and size/shape of the crack are important. Thelocation of cracking,
particularly in regards to the bore surface versus keyway, determines the global and local stresses
applicable for determination of crack tip stress intensity factors.

From an analytical standpoint, two crack parameters are needed to define the basic crack
geometry — crack depth, a, and surface length, |. Typical bore or keyway cracks are semi-elliptic
in profile with crack aspect (a: | ) ratiosinthe range of 1:2to 1:10. Cracksinthefailed Yankee
Rowe LP disks[7] were found to be essentially semi-circular in profile (a: | of 1:2, see Figure
5-17). For agiven crack depth, cracks with greater surface lengths produce higher stress
intensity factors and are therefore nearer to the critical stressintensty vaue.

4.3.3 Critical Crack Size Calculation

For brittle failure, critical crack size isthe crack sze beyond which failure due to rapid unstable
crack propagation occurs (K, > K;c). Determination of critical crack size requires calculation of
applied stress intensity factor at the crack tip (K;) and estimation of disk material fracture
toughness (K|¢). Thisprocessisillustrated in Figure 4-16.

For agiven applied stress field and crack shape/size, crack tip stress intensity factors can be
calculated using linear elastic fracture mechanics principles with the resulting level of accuracy
dependent upon the assumptions and simplificationsmade. Themodd types are discussed
below.

One-Dimensional Crack Models: Simplified crack models are available which
require the assumption of an infinitely long (through-thickness) crack in abody of
infinite or finite width. Stressintensity factor solutions are available for these
models assuming either auniform stress field or a stress gradient that can be
represented by a cubic polynomia curve-fit (Figure 5-4a, b). Another one-
dimensional model features an edge crack at ahole in a plate (Figure 5-4b). This
model simulates the centra disk bore and can smulate the high disk tiffness due
to its large size. The potential for overestimation of disk stiffness is not significant
for therelatively small expected critical crack depths relative to disk size.

Overall, edge-crack modelstypically yield very conservative estimates of stress
intensity factor because actud crack lengths are finite and small relative to disk
features.

Two-Dimensional Crack Models: These models are more advanced than one-
dimensional models and typically simulate a crack as a semi-éllipsewith semi-
major axes of the ellipse representing the crack depth and half-length. Stress
intensity factor solutions are typically generated using specid-purposefracture
mechanics software, for example pc-CRACK [8] or BIGIF [9]. Applicable crack
models for bore/keyway cracking simulate an axialy-oriented semi-elliptic
surface-connected crack at the bore of a hollow cylinder (Figure 5-6). These
models provide reasonably good stress intensity factor results, but do not include
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geometric complexities such as branching of SCC cracksor the variaion in
hub/web axial width versusradial position which affects the overall stiffness of
the simulated semi-elliptic crack in the disk.

Geometry-Specific Crack Models: To include the exact stiffness of the shrunk-on
disk which isa function of the hub/web axial width versusradial position,
advanced three-dimensional (3D) finite element (FE) modeling of the disk and
crack arerequired. Thisisthe most advanced model type, and can be
accomplished by the use of finite-element modeling software such as ANSY S
[10] and/or 3D fracture mechanics crack front modeling software codes such as
ALT3D [11]. Thecomplexity of crack branching, which is applicable and
significant to SCC cracks, can also be incorporated by explicit 3D modeling or
published research on this subject [12].

4.3.4 Fracture Toughness

Fracture toughness (K |¢) datafor disk steels has been compiled by OEMs[13] and EPRI [14],
and istypically plotted versus excess temperature, asillustrated in the Figure 4-16 flowchart.
Excess temperature is defined as the difference between the disk metal temperature (T) and the
Fracture Appearance Transition Temperature (FATT); i.€., Texcess= T - FATT. A statistical
compilation of K¢ versus T excess datafrom [14] for Ni-Cr-Mo-V rotor sted is shown in Figure
4-17. Corresponding datafrom manufacturers [13] is shownin Figure 5-12.

4.3.5 Material Toughness Variations from Forging Process

In addition to the variation of K. with temperature, K, also decreases at locations inside any
surface of the disk toward the center. For each shrunk-on disk, the manufacturer usually
provides two disk-specific values of FATT, one value measured at the surface of the forging
(Rim FATT) and the other estimated at the center of theforging (Deep-Seated FATT). The
reason for the difference in these FATT values isthe inherently higher cooling rate experienced
by the forging near the outside surface relative to the center, which results in higher toughness
(lower FATT) at the outside compared with that at the center of the forging. The gradient of this
increase in FATT (decrease in K|¢) with distance from the outside surfaces of the forging isvery
steep, typically approaching the deep-seated level within the first 4 to 7 inches from the outside
surface [15]. Selecting FATT values for bore/keyway cracking analyses must account for
material removed from the forging periphery and bore in the fina machining process. In other
words, the final location of the disk borefkeyway relative to the forging locations at which rim
and deep-seated va ues were measured/estimated must be accounted for in K | calculations. This
decrease in fracture toughness away from the disk bore surface (radial gradient) is significant for
critical crack depths that fall within the FATT gradient (less than 6 to 7 inches in depth). For
larger critical crack depths, the use of deep-seated fracture toughness is appropriate.
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Figure 4-17 Default fracture toughness data for NiCrMoV rotor steels [9]

4.3.6 Crack Initiation and Growth

Extensive research on disk cracking in nuclear LP rotors, initiated in the early 1980s [16, 17],
has documented stress corrosion cracking (SCC) as the primary mechanism for initiation and
propagation of cracking. The contribution of low-cycle fatigue crack growth is insignificant
relative to SCC growth for typical nuclear LP rotors. Refer to Figure 4-13 for key parameters
influencing crack growth rate (temperature, environment and yield strength).

While no quantitative model is currently available to predict the time to initiation of cracking, the
principal factors governing SCC growth, namely disk operating temperature, yield strength, peak
surface stress and local environment (wetness, chemical impurities) are known to influence SCC
initiation aswell. In 1998, EPRI convened a major workshop on corrosion of steam turbine
blading and disks[18], to identify and prioritize future R& D efforts to further understanding of
the influence of steam chemistry and environment on environmentally assisted degradation
mechanisms. Research is currently underway to provide a mechanistic understanding of the SCC
initiation process.

The most widely accepted model for SCC growth rate, published by Westinghouse in 1981 [19],
isgiven by:

In(daldt) = C, — (7302/T)+ 0.0278 5,

Equation 4-2
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where,

da/dt is SCC growth rate, in inches/hour,

C, isaconstant with amean vaue of —4.968 and standard deviation of 0.587
T isthe local temperature of the disk at the bore/keyway, in °R (°F+460)

oy isthe disk yield strength, in ksi.

The scatter in the growth rate data, asillustrated in Figure 4-18, reflects the variability in the
coefficient C; which yields an SCC rate variation of 5.8 times the mean for three sandard
deviations above the mean (C,=-3.207).

For evaluation of bore/keyway cracking, local disk temperature at the disk-shaft interface at
steady-state must be estimated for usein Equation 4-2. A first-order estimate would be an
average of the disk upstream and downstream steam temperatures. A more accurate local
temperature estimate, which accountsfor two-dimens ond heat transfer, could be obtained
through finite-element modeling and heat transfer analysis at seady-state, such asthat described
in EPRI reference [6].

It should be noted that Equation 4-2 defining SCC growth is applicable only in the presence of
wetness; i.e., upstream disks that run dry (i.e. exposed to superheated steam) are not susceptible
to SCC. Intermittent wetness, which may occur prior to full-load steady-state operation, should
be accounted for in assessing overal risk.
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Figure 4-18 SCC growth rates per Clark et. al. of Westinghouse [19]
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4.3.7 Summary of Key Variables Influencing Disk Failure

290 310

The following isa summary of twelve key variables identified from the preceding discussions
that influence disk failure, and are therefore required in a probabilistic evaluation of disk

cracking,

Variable#1: Stress and stressintensity (K)

The uncertainties associated with the accurate determination of peak stress, stress
gradient away from the surface, and the uncertainty associated with calculation of
crack tip stressintensity factors can be treated probabilistically. A normal
distribution is adequate to model the collective variability in stress or K;. Useof a
single multiplier on stressor K; with a mean value of 1.0 and an appropriate
standard deviation representing the accuracy of the calculation method is
considered adequate.

4-22



EPRI Licensed M aterial

Variable#2: Norma Overspeed (up to trip setting)

This probabilistic variable addresses the possibility of “normal” overspeeds which
aretypically up to 110 percent of rated speed (1980 rpm), assuming that the
overspeed protection system doesnot fail. Failure of the overspeed protection
system would allow the speed to increase beyond the controlled limits and result
ina“run-away” destructive overspeed.

Variable #3: Fracture Toughness

The variability in fracture toughness data with excess temperature, shownin
Figure 4-17 and 5-12, for typicd nuclear Ni-Cr-Mo-V rotor forgings, can be
simulated using an appropriate standard deviation about the mean fracture
toughness.

Variable #4: Fracture Appearance Trandgtion Temperature (FATT)

The gradient in FATT from bore/keyway surface (forging periphery) to the center
of the forging can be modeled using “Rim” and “ Deep-Seated” measurements
and/or estimates of FATT [10], with the variability modeled using an appropriate
standard deviation va ue.

Variables#5, 6: Disk Temperature at Keyway without/with Prewarming

Local bore/keyway temperature, without and with prewarming, is needed to
determine local fracture toughness of the disk material. This data can be obtained
from OEM design calculations or from finite-element transient heat transfer
calculations. Thistemperature typically varies between room temperature (70°F)
and the running temperature of the disk. For disk brittle failure, OEMstypically
use alower bound value of 70°F, without prewarming. The highest risk of disk
brittle failure occurs during startup when the bore of the disk has not warmed
completely due to heat transfer from the rim, and the rotor isrolled off turning
gear and ramped up to near-operationa speed.

Variables #7, 8: Initial Crack Size & Shape (Aspect Ratios)

Variability in initial crack size and shape from NDE are included in this category.
Uncertainty in reported crack size is dependent on the characteristics of the
inspection system and flaw sizing process used. For example, GE reportedly uses
crack depth “adders’ of 0.080 and 0.070 inch for non-measurable and sized
indications respectively, detected from the hub (see Chapter 5 case history). For
web indications GE reportedly uses crack depth “adders’ of 0.2 and 0.1inch for
non-measurable and sized indications, respectively; no specific estimates of crack
length are provided. These uncertainties can be modeled by applying estimated
mean and standard deviation valuesfor initia crack depth, aspect ratio, and
length.
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Variable #9: Effect of Crack Branching

It has been documented that crack branching effectively lowersthe stressintensity
of agrowing crack thereby increasing critical crack size [12]. Reductionin crack
tip stress intensity factor dueto crack branching can be simulated using
appropriate mean and standard deviation valuesfor the stressintengity reduction
factor.

Variables#10, 11, 12: SCC Growth Rate - Coefficient, Temperatureand Yied
Strength

Coefficient C, - Per reference [14], thefirst term in the SCC growth Equation
4-2, was reported to have a mean value of -4.968 and a standard deviation of
0.587. Some judgement, which must be exercised regarding unit-specific
applicability of this large standard deviation, can be based on available repeat
inspection results from which an expected/actual growth rate can be inferred.
Temperature - The variability in steady-state keyway temperature used to
calculate SCC growth rate (Equation 4-2), can be modeled as a normal
distribution with mean and standard deviation values estimated from upstream
and downstream steam temperatures or directly from the results of a steady-state
FE heat transfer analysis (if available).

Yield Srength - The variability in disk yield strength values used to calculate SCC
growth rate (Equation 4-2), can be modeled as normal distribution with mean and
standard deviation va ues estimated from disk-specific materia property test data.

4.3.8 Probabilistic Evaluation of Key Variables

Deterministic calculations using mean versus worst-case assumptions for key variables identified
in the preceding discussion typically produce large differences in predicted remaining lives,
suggesting that variability in modeled data cannot be adequately characterized deterministically.
Therefore, a probabilistic evauation that smulates the reduced likelihood of worst-case
conditions occurring simultaneously can provide amore reaistic assessment of remaining life
and the likelihood of missile generation. The large number and complexity of the key variables
influencing disk failure do not easily permit simplified closed-form analytical approximations.
Numerical simulation techniques such as Monte Carlo, which uses arandom sampling technique
for input variables, or other more efficient sampling techniques such as stratified sampling,
importance sampling or Latin hypercube sampling, to name a few, are recommended for this
analysis[20].

In the Monte Carlo technique, alarge number of deterministic simulations are performed, each
for arandomly generated set of input variables. The basic building block of the random
sampling technique used in the Monte Carlo method is the ability to generate random numbers
from auniform distribution between 0 and 1. Numericad schemes used to generate random
numbers[20, 21] are actually deterministic but the numbers generated have the appearance of an
arbitrary value and are therefore called “ pseudo-random” numbers. References [20] and [21]
provide additiona details on numericad sampling techniques. The recommended number of
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simulations is at least two ordersof magnitude above the inverse of the desired probability result;
i.e., for afailure probability of 10, at least 10° simulations are needed. Therefore, the Monte
Carlo technique may require a large amount of computational time depending on factors such as
the time required each deterministic calculation, the total number of calculations needed and the
computational speed. Thistraditional disadvantage to the use of Monte Carlo has been offset by
the dramatic increase in the speed of microprocessors used in personal computers over the last
ten years. New computational hardware has made it possible to perform all but the most
complex probabilistic simulations today on a personal computer, using the Monte Carlo method.

Monte Carlo simulation offers many advantages over other techniques [22]:

e Thedistributions for input variables do not have to be approximated in any way.
e Correlations and other inter-dependencies can be model ed.

e Thelevel of mathematical complexity is fairly basic with the computer doing all of the work
in determining the probabilistic outcome.

e Higher levelsof precision can be achieved by smply increasing the number of iterations.
e Complex mathematical functions can be included without difficulty.

e Changesto the model and interrogation of results can be performed with great ease,
producing a more flexible approach that can be modified as a greater understanding of the
risk parametersis achieved

e Monte Carlo simulation isawidely recognized and valid technique, it has been successfully
implemented to address severd other nuclear plant component risk assessment problems
involving regulatory issues (e.g. BWR Vessal I nspection code [23])

The case histories presented in Chapter 5 of this report further illustrates the success of the
Monte Carlo technique in calculating disk failure probabilities of the order of 10 to 10, per the
NRC requirement.

4.4 Fragment Penetration through Turbine Casing

If aturbine disk wereto fail, it is possible that large fragments weighing thousands of pounds
could penetrate the turbine casing. General Electric assumes that wheelscould burst at both low
speed (up to 120 percent operating speed) and at high speed (between 120 percent and 190
percent of operating speed). Wheels are postulated to burst into fragments that vary in weight
from small (approximately 100 pounds) to very large and energetic fragments (up to 8,000
pounds) [24]. The evidence from the failed wheel at the Y ankee Rowe plant confirmsthis large
range of fragment sizes.

When awheel fails, the massive rings and webs of the adjacent diaphragms are severely distorted
and displaced by the wheel fragments as they attempt to penetrate the inner casing. During the
impact, the wheel fragments dissipate significant energy to the diaphragm rings when moving
and distorting them. Penetration of both the inner casing and exhaust hood must then take place
in order for the fragment to become a missile outside the turbine. The exception to thisis the
final (L-0) stage wheel, which has fewer barriers to absorb the kinetic energy, aswell asagreater
wheel mass. Because of the position of the L-0 stage relative to the inner casing, the fragment
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traectory could possibly avoid hitting the digphragm and may then only need to penetrate the
relatively thin outer flow guide prior to impacting the outer casing. In all cases, thereisalossof
fragment energy associated with the process of penetrating the turbine stationary components.
To avoid being overly conservative in the overall assessment of P, this energy loss should be
accounted for in calculating the range of initial missile velocities in the subsequent analysis of
probabilities P, and Ps.

General Electric statesthat disk burst tests were conducted to clarify the assumptions used in
their analysis of fragment penetration probability [24]. The General Electric P; probability
assessment then integrates the whed fragment penetration with the individua probabilities of
wheel burst to obtain a probability of missile generation. A description of the Westinghouse
approach to analysis of casing penetration does not appear in the open literature.

EPRI performed a series of teststo study energy absorption by a simulated turbine casing in the
process of stopping or slowing down postulated missiles created by aburst disk. 1n 1978, two
full-scale rocket sled tests were conducted at Sandia Laboratory to simulate the energy absorbing
capability of atypical inner casing and turbine shell [25]. Two possible orientations of aturbine
wheel fragment were considered: a) blunt orientation, and b) piercing orientation. In blunt
orientation, the fragment contacts a large surface area of the casing during impact and
consequently forces alarge area of the casing to deform in order for penetration to occur. A
piercing orientation occurs when the wheel fragment impacts at a sharp edge or other pointed
feature. Theturbine casing isrelatively less able to contain a piercing fragment because the
impact energy is concentrated over a much smaller area and the materid deformsmore easily or
failscompletely. Depending on the orientation of the missile at impact, the smulated turbine
casing either slowed the missile to 60 percent of its initial velocity or essentially brought it to
rest. The sled test parameters were established in order to represent the energy of a120° segment
of aturbine wheel leaving a spinning shaft at 120 percent of operating speed.

Additional tests sponsored by EPRI were performed using one-fifth scae models of theorigina
test [26]. These tests successfully demonstrated the feasibility of using subscale models to reduce
the cost relative tofull-scale tests. Based on these results, a series of additional subscale spin
tests were conducted [27].

Approximately one-third of the kinetic energy of a turbine missileis accounted for in its rotation.
In the second set of EPRI subscale experiments, ten model tests were conducted using spinning
missiles, both with and without blades. It was found that the positive effects of the blades in
absorbing fragment energy more than compensated for the detrimental increase in mass and
inertia provided by the blades. Further, for an unbladed fragment, the energy absorbing capacity
of the shellswas lower. From a casing penetration perspective, energy absorbed by the shell due
to impact by arotating fragment with blades is similar to that of a non-rotating fragment with the
total energy of the spinning fragment. The observations indicated that the blades have a
beneficial effect in reducing the peak impact force and lowering the effective linear energy.

4.5 Missile Strike and Damage to Safety-Related Equipment

In summary, these extensive tests conducted by EPRI provide data that could serve as important
input to adetailed study of disk fragment penetration through low-pressure turbine casing
structure. Development of anew analysis tool for assessing probability P; would necessarily
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include these calculations of fragment penetration, most likely in an integrated manner with
wheel burst and rotor speed similar to the General Electric approach.

If adisk bursts and fragments penetrate the casing producing missiles, NUREG-1048 assigns
standard values for the combined strike and damage probabilities (P, x Ps). These valuesare 10°
2 for unfavorable, and 10° for favorable turbine orientation relative to the reactor. As discussed
in Chapter 3, the NRC discourages detailed calculations for P, x Ps, most likely because of the
large effort needed to perform an adequate review of the different and complex analyses of B x
P; that would likely be submitted by licensees [28]. There was no standard process or computer
program in place for analysis of P, x P;prior to issuance of NUREG 1048.

Bush, in his first paper, describes the approach taken by Semanderes to cdculate strike
probability, P, [29]. The analyss startswith an assumption regarding the range of anglesthat
low-trajectory missiles may exhibit upon exiting the turbine casing. The accepted value of the
maximum missile deflection angle relative to the final stage is 25 degrees, as shown in Figure
4-19.

A Monte Carlo technique was reportedly used to evaluate strike probability for specific areas of
the plant. For both low and high trajectory missiles, the analysis uses an assumed range of initia
missile velocities and angles, and combined this with the physical layout of the plant (both PWR
and BWR layouts are described by Bush). Exposed buildings or structures housing plant safety-
related equipment are then identified and the corresponding strike probabilities are calcul ated
based essentially on aratio of the total of these exposed areasto the total possible area over
which the missiles could fall. According to [28], the critical strike targetsfor PWR plants are the
reactor containment (wall and dome), fuel storage, primary auxiliary building, and diesd
building. For aBWR plant, the critical strike targets areidentified as thefuel pool, radwaste
building, control room, reactor heat removal equipment, and diesel building. In both plant types,
adirect hit on the containment wall by alow tragjectory missile isnot expected to penetrate
containment due to the strength of the reinforced concrete protection. The specific event that
most influences the combined strike probability for the PWR is that of a high trajectory missile
impacting the reactor dome. For the BWR, the highest probability event is astrike on the control
room. Bush states that the analyses consider a strike on any portion of the critica buildingscited
above as equally damaging. In reality, only a portion of each building is significant relative to
safety-related systems. Thus, a more refined analysis might reduce conservatism by including a
ratio of safety significant areato total area. According to Bush, arevised analysis of thissort is
expected to reduce the cdculated probability of apotentialy damaging strike by a factor of
between 2-10 [28].
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Figure 4-19 Range of assumed angles for low-trajectory turbine missiles

Bush states that a wide range of potential values for damage probability, Ps, exists. Therangeis
bounded by the following extremes:

e no damage is expected to the protected portion of any safety-related system that is protected
by at least six feet of reinforced concrete, (P; =0)

e targets protected only by thin steel siding or roofs, or by less than three feet of concrete, are
assumed to be essentially unprotected, (Ps = 1)

Any remaining safety-related systemswill have a P; value of between zero and one, and includes
mainly those systems protected by concrete having a thickness ranging between three and six
feet. Theactud P for each potential strike in these cases will depend largely on missile energy,
S0 in these analyses, the caculation of P; should ideally be performed in a more integrated
manner with the calculation of P.. This integrated approach was not taken in the analysis
presented by Bush, which still forms the basisfor the current NRC recommended val ues for P, x
Ps. Missile penetration characteristics in concrete were researched by EPRI, however these were
performed after the studies cited by Bush [ ]. The EPRI results could help establish a set of
guidelines for assigning damage probabilitiesfor strikes on concrete of thickness|ess than six
feet.

In summary, there are three potentid tasks within the subject of missile strike/damage that may
provide abasisfor achieving reduced conservatism. Implementing improvements to the
probability analysis scheme based on these issues would best be accomplished using acomputer
code.

e Implement results of EPRI studies on penetration of turbine missiles in reinforced concrete
¢ Reduce the conservatism inherent in assuming that a strike on any part of abuilding
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containing a safety-related system means a strike on the actual equipment. A reductionin
strike probability could be assessed that is consistent with the extent of area actudly
occupied by the system.

e Anintegrated calculation of P, and P; would more accurately account for the range of missile
energy in potential strikes on plant safety-related systems with moderate protection
(reinforced concrete 3-6 feet thick).

The above three tasks are technically possible, however the decis on regarding whether to pursue
them in subsequent phases of this project will also depend on regulatory issues and prioritization
of project resources. The NRC may wish to maintain their current position that P, x P; are
assigned values of 107 and 10°. Also, it may be determined that obtaining the desired relief on
P4 by focusing on P, alone is more cost-effective.
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CASE HISTORIES

Two types of case histories are included in this section of the report:

Regulatory Relief: These cases histories describe relief obtained by nuclear turbine operators
from inspection frequencies and/or repairs recommended by the OEM for continued operation of
L P turbines with shrunk-on disk bore/keyway cracks. Two cases are presented below, describing
analyses and subsequent relief obtained by the Pilgrim and Clinton generating plants.

Relevant Nuclear Industry Failure: Thisisan analysis of specific factorsthat contributed to a
documented disk failure in the U.S. nuclear industry. This case provides a basis for
benchmarking current analysis techniques against an actual failure. This chapter includesa
description of the 1980 failure of adisk on the low-pressure rotor in operation at the former

Y ankee Rowe generating plant (now decommissioned).

In each of the three case studies, supporting analyses were performed at the time by Structura
Integrity Associates (Sl) of San Jose Californiato estimate stress, crack tip stress intensity factor,
critical crack size, and crack growth rate. A summary of these analysesis included within the
write-up of each case history in this chapter.

5.1 Pilgrim Nuclear Station LP Turbine Cracking

This case history describes the 1993 decison by the NRC to permit the Pilgrim nuclear plant to
continue operation with cracked LP turbine disks until 1995, at which time the rotors were
scheduled to be replaced. The case shows some evidence of conservatism in the OEM-supplied
analysis that recommended against operating the turbine without at least pre-warming the rotor
to reduce therisk of brittle disk failure. Most important, this case demonstratesthat the NRC is
open to the possibility of examining risk assessments submitted by non-OEM’ sthat are intended
to provide relief for licensees.

5.1.1 Plant Description and History

The Pilgrim nuclear plant started commercial operation in 1972, and has a turbine-generator rated
at 670 MW. Thereactor isaBWR design. The low-pressure (LP) turbine manufactured by
General Electric is afour-flow tandem-compound design, with 43-inch last stage blades. Each
LP rotor contains eight shrunk-on disks within each flow. During the April 1993 refueling
outage, General Electric performed an ultrasonic inspection of the LPA turbine and reported bore
cracking indications in disk numbers 4 through 7 (note that the 7" stage contains the second-to-
last row, or L-1 row buckets). Based on results of the inspection and subsequent analysis of P;
probability, General Electric recommended two options: either remove the 7™ stage disk on the
generator side (7GA) or pre-warm the LPA rotor before startup to satisfy NRC turbine missile
probability limits for continued operation. These recommendations were made to Boston

Edison, the operator of the Pilgrim Plant at the time. The details of General Electric’s
recommendations are contained in a proprietary reportissued to Boston Edison. They essentialy
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provide specific options including the removal of one or both to the 7™ stage disk, and/or rotor
pre-warming. Doing either of these actions was shown tojustify an increasein time prior to the
next LP turbine inspection. Pre-warming was the most effective at increasing the inspection
interval, and General Electric’ sresults indicate that 90°F was sufficient to allow operation with
the existing rotors until at |east the scheduled rotor replacement.

To assess whether removal of the 7GA or rotor pre-warming was warranted, Boston Edison
engaged the services of Structural Integrity Associates (Sl), to perform an independent fracture
mechanics evaluation of the 7" stage disk. A review/summary of the Sl evaluation [1], which
was reviewed and approved by the NRC [2, 3], and served as the basisfor relief fromremoval of
the 7GA disk, isthe basis for this case history.

The stress and fracture mechanics evaluation performed by Structurd Integrity [1] primarily
included a study of the parametric effect of several key variables on the predicted remaining life
of the 7GA disk. The 7GA disk was identified to be the most limiting because of a combination
of factorswhich included flaw depth, lower operating temperature, higher fracture appearance
transition temperature (FATT) and therefore lower fracture toughness, and potential
consequences of disk failure. The following sections describe details of the individual aspects of
the fracture mechanics and risk assessment analysis.

5.1.2 Disk Stresses

Detailed blade centrifugal rim loading for the 7GA disk were not available. Based on limited
data provided by the turbine OEM to Boston Edison, the centrifugal hoop stress at the disk bore
due to rotation at 1800 rpmwas 42.4 ks. The OEM aso reported that the disk bore and outside
radii were measured to be 16.5 and 43.5 inches, respectively. The stresslevel decreasesfrom the
maximum level at the bore location to locations outward from the bore surface. This stress
distribution was estimated using the classical solution from D’1sa[4] for arotating cylinder with
the bore surface stress at 1800 rpm scaled to match the known value of 42.4 k9. Disk stresses
due to the shrink-fit radial interference (0.0345 inch, provided by Boston Edison) were
calculated using the classicd solution from Shigley [5] for press-fit members. The disk bore
stress due to shrink-fit was calculated to be 35.9 ksi. Disk stress due to shrink-fit varies with
rotor speed-squared, and was assumed to be completely relieved (zero) when the rotor attained
120 percent of rated speed (2160 rpm). Resulting disk stress distributions due to the combined
effects of rotation and shrink-fit at various speeds, are shownin Figure 5-1. The combined disk
bore stress at 1800 rpm was determined to be 53.4 kg, which is comprised of acentrifugal stress
of 42.4 ks and a shrink-fit stress of 11.0 ksi.
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COMBINED (SHRINK-FIT + RPM) HOOP STRESS GRADIENTS from 0 RPM to 2160 RPM (20% Overspeed)
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Figure 5-1 Hoop stress as a function of radial distance from the Pilgrim Disk 7G bore, due to the
combined effects of rotation and shrink fit at speeds of 0, 450, 900, 1350, 1800 and 2160 rpm
(without the keyway stress concentration effect)

5.1.3 Stress Concentrating Effect of Keyway

Boston Edison reported a stress concentration factor (Kt) of 2.2 for use with the General Electric
keyway design. ThisK; value was consistent with analyses performed under EPRI project NP-
3340 [6]. Thedecay inthe peak K; value of 2.2 with distance from the keyway surface, from [6],
isgiven by:

K.(X)= 1+<Kt-1>[0.25(% P+o75( )“]

Equation 5-1
where,

R isthe keyway depth (34-inch), and,
x istheradial distance from the keyway surface.
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Asillustrated in Figure 5-2, this K; effect highly localized, reaching a value of only 1.06 at 1 inch
away from the keyway surface. Combined centrifugal and shrink-fit stresses with the K; effect
superimposed are shown in Figure 5-3.
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KEYWAY DEPTH = 0.625 INCH

15
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Figure 5-2 Decay of peak keyway stress concentration factor, Kt, of 2.2 with increasing radial
distance from the keyway surface

5.1.4 Fracture Mechanics Analysis

The primary objective of the fracture mechanics analysis wasto compute stress intensity factors
(K,) asafunction of crack size (a), which then permit determination of acriticd crack size (a )
for agiven fracture toughness (K ). Structural Intregity compared the equation used by the
OEM to compute K1 with alternative solutions using their fracture mechanics code pc-
CRACKTM [7]. The pc-CRACK ™ computer program was developed under the Structurd
Integrity QA program and meets the NRC code of federal regulations 10-CFR-50, Appendix B,
ANSI/ASME NQA-1-1986, and NUREG-4640 (for computer software). Thefollowing isa
discussion of potential areas of conservatism in the OEM solution for stressintensty factor, K,
and the alternative K, solution technique used in this case study.
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Figure 5-3 Hoop stress as a function of radial distance from the Pilgrim Disk 7G bore, due to the
combined effects of rotation and shrink fit at speeds of 0, 450, 900, 1350, 1800 and 2160 rpm,
including a peak keyway stress concentration factor, Kt, of 2.2

The K, solution used in the OEM calculations is given by Equation 5-2:

K, =20+/5/8" +a

Equation 5-2

where:

¢ is a uniform stress normal to the crack face,
¥s-inch 1s the keyway radial depth, and,
aistheradial extent of the crack measure from the keyway surface.

Equation 5-2 can be expressed in the following form for an edge-crack in auniform stress field

(Figure 5-4a):
K, =1.120 /7 ay

Equation 5-3
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where:

air isthe effective crack depth = (3% + a) as given above.

The OEM crack model (Equation 5-3) is perceived as being conservative for the following
reasons:

(8 Theedge-crack model represents an upper bound computation for K because this model
(Figure 5-43a) isfar more compliant than the actual geometry which can be
approximated asaradial crack emanating from the inner diameter of athick hollow
cylinder or aholein aplate (Figure 5-4a)

(b) Theuniform stressfield used in the OEM eguation is over-conservative because it does
not incorporate the significant radial decrease in hoop stresswith increasing distance
from the bore, as shown in Figure 5-3.

(¢) Theuse of athrough-thickness crack (infinitely wide) does not include the beneficial
effect of crack aspect ratiosthat aretypically semi-elliptic in turbine disks[8].

[ 4 4
— ( 6 =Cp+Cx + Cyx2+ Cyx3

.—-——.
- i

il

(@) (b)

Figure 5-4 Through-thickness crack models used to perform the first set of "K, versus a"
calculations: (a) OEM model and (b) crack at a hole in a plate

To investigate the above-mentioned conservatism associated with the OEM solution for stress
intensity factor, K|, two sets of crack models were used in this case history investigation. The
first set of models included improvements in the overall geometric stiffness representation and
incorporation of the decreasing stress field (these models are designated Models A and B as
shown in Figure 5-4b and Figure 5-5). Thisfirst set of models retained the conservatism of
assuming that the crack extended the entire axial length of the hub or keyway (through-
thickness). The second model included the additional effect of afinite length crack; i.e. the
crack isassumed to be a semi-élliptic/semi-circular surface-connected crack with depth-to-length
ratiosof 1.5 (Model C) and 1:2 (Model D) as shownin Figure 5-6.
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Figure 5-5 Schematics of the crack models used to illustrate the measurement of crack size
versus hole size and stress distributions; (a) crack at a hole in a plate without keyway K, effect
(Model A), and (b) crack at a hole in a plate with keyway K, of 2.2 (Model B)
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Figure 5-6 Schematic of a finite-length crack illustrating the crack depth (a) and length (1)
parameters used in Model C (semi-elliptic crack with a depth-to-length ratio of 1:5) and Model D
(semi-circular crack, i.e. depth-to-length ratio of 1:2)
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5.1.5 Analyses Performed with Models A and B (Through-Thickness Cracks)

Models A and B account for the reduced compliance associated with the rlatively large size of
the shrunk-on disk (outer diameter of 87 inches). The crack modd for ahole in an infinite plate
shown in Figure 5-4b was used in the first set of K, calculations. This model is identified as
‘Model 1 in the pc-CRACK ™ program [7]. The stress concentrating effect of the keyway (K)
was incorporated using two approaches:

(8 Mode A: Asshown in Figure 5-5a, for ahole in aplate, the K; effect was implicitly
accounted for by using the unconcentrated stresses (Figure 5-1) and an effective crack
length of (5/8+3a); the hole radius used corresponded to the inside radius of the disk (16.5
inches).

(b) Model B: Asshown in Figure 5-5b for ahole in aplate, the K; effect wasexplicitly
accounted for by using the concentrated stresses, shown in Figure 5-3, and a crack
length measured from the surface of the keyway; the hole radius used wasthe inside
radius of the disk plusthe keyway depth (17.125 inches).

Plots of "K, versus &' solutions for the OEM and Structural Integrity through-thickness crack
models are compared in Figure 5-7. The Structural Integrity crack models are consdered to
more accurately represent the disk stiffness for a"non-measurable” indication located under the
web region, and show a significant reduction in estimated K, values. For afracture toughness of
105 ksivinch, the critica crack size predicted by the OEM model was 0.34 inch compared with
0.54 inch for Moddl A and 0.56 inch for Modd B.

5.1.6 Analyses Performed with Models C and D (Finite-Thickness Cracks)

To illustrate the conservatism of using through-thickness crack models to smulate disk cracking,
Models C and D with semi-elliptic/semi-circular surface-connected cracks in a cylinder (Figure
5-6) were used in the second set of K, calculations. The stress concentrating effect of the
keyway (K;) was implicitly accounted for, as described previously for Modd A, by using the
nominal stresseswith an effective crack length of (5/8+a). Modes C and D are described as
follows:

(8 Mode C: A semi-€lliptic surface-connected crack in acylinder with adepth-to-length
ratio of 1:5 as shown in Figure 5-6.

(b) Model D: A semi-circular surface-connected crack in a cylinder with adepth-to-length
ratio of 1:2 as shown in Figure 5-6.

These finite-length crack models are believed to encompass the range of geometry observed for
most of the actual cracksin shrunk-on disks. For example, the cracks observed in post-failure
ingpection of the failed Y ankee Rowe LP turbine disks described later in this chapter were
approximately semi-circular in shape[8]. The cylinder thickness-to-inside radiusratio of 0.1,
used for Models A-D, isbelieved to be less stiff (conservative) than ratios obtained from the
actual Pilgrim disk geometry which are 0.52 for the hub region and 1.64 for the web region
respectively.

Results of "K, versus @' calculations for Models C and D are shown in Figure 5-8. For the lower
bound fracture toughness of 105 ksivinch the critical crack sizes predicted were 1.02 inch for the
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semi-elliptic crack (Mode C) and 3.30 inches for the semi-circular crack (Model D). These
critical crack size estimates are two and six-timeslarger than that indicated by the through-
thickness models.

DISK #7: K VERSUS A
Comparison of pc-CRACK VS GE Solutions

140 //l
~—

. -
110 /
//77/; =

STRESS INTENSITY, K (KSI.SQRT.INCH)

80
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

CRACK DEPTH FROM KEYWAY SURFACE (IN.)

|=8=G.E. SOLUTION ~®=PC-CRACK: NO Kt =*=PC-CRACK: Kt=2.2 |

Figure 5-7 Stress intensity factor, K,, versus crack size, a, for the following through-thickness
crack models: (i) edge-crack in a semi-infinite plate with uniform stress (OEM), (ii) crack at a hole
in a plate without keyway K, effect (Model A), and, (iii) crack at a hole in a plate with keyway K; of
2.2 (Model B)
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PILGRIM UNIT 1; DISK 7GA
K VS A: ASPECT RATIO, OVERSPEED EFFECTS
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Figure 5-8 Stress intensity factor, K,, versus crack size, a, for the following finite-length crack
models: (i) semi-elliptic crack with a depth-to-length ratio of 1:5 (Model C), and, (ii) semi-circular
crack (Model D), at 1800 rpm and at 1980 rpm (10% rotor overspeed)

5.1.7 Parametric Fracture Mechanics Study (Effect of Key Variables)

In this study, the effect of severa key variables, which govern the basisfor determining
remaining life and therefore in-service inspection interval, were examined. Calculaions were
performed for the 7th stage (specifically disk 7GA), which is the critical disk controlling the
recommended in-service inspection interval. A summary of the results of the entire parametric
study is presented in Table 5-1.

An in-service inspection interval (tingy) can be computed based on the time-to-failure (tra) for the
subject disk using Equation 5-4:

tinsp = 1 fail ISF

Equation 5-4
where:

SF is a safety factor
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Theterm tiy IS given by Equation 5-5 below:

(o= (Ba-a)
A (dardt)

Equation 5-5
where:
a. isthe criticd crack size,
a; isthe initial crack size, and,
da/dt isthe crack growth rate.

“Non-measurable” indications were identified during Generd Electric's inspection of whed
7GA. Based on characteristics of their wheel inspection system, General Electric estimated an
average initial crack depth (a) of 0.25 inch for these indications.

For the estimated initial crack depth of 0.25 inch, the time-to-failure (Equation 5-5) is dependent
ontwo variables: critical crack size and the crack growth rate. Growth rate isprimarily governed
by stress corrosion cracking (SCC). Items (@) through (h) below identify the effects studied as
part of the parametric fracture mechanics study performed by Structural Integrity:

(8) Effect of 35°F Adjustment in Deep-Seated FATT

(b) Effect of Fracture ToughnessVariability

(c) Effect of Prewarming

(d) Effect of Crack Growth Rate

(e) Crack Tip StressIntensity Factor Models (Through-thickness vs. Finite length)
(f) Effect of startup temperatures

(9) Effect of assumed initial crack size

(h) Effect of rotor overspeed during startup

The effect of each of the above variables was studied individually, and the results are described
in the following paragraphs, and summarized in Table 5-1.

(A)  Effect of 35°F adjustment in deep-seated FATT

From Reference [9], the best estimate of deep-seated FATT values for Disk 7TA
and Disk 7GA are 9°F and 12°F respectively. These values were further adjusted
for safety by adding another 35°F to the result, yielding FATT values of 44°F for
disk 7TA and 47°F for disk 7GA. For the base case shown in Table 5-1, alower
bound fracture toughness (K ) of 105 ksiVinch was estimated from the OEM
proprietary data[9], which corresponded to a FATT value of 47°F for disk 7GA.
This base case yielded a critical crack sizeof 0.34 inch and atime-to-failure of
1.5 years. If the 35°F margin were not included, the lower bound K estimate
increases to 128 ksivinch, with a corresponding increase in critical crack size to
0.82 inch and a time-to-failure in excess of nine years.
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Effect of Fracture Toughness Variability

If the mean value of K. of 145 ksiVinch were used [9], instead of the lower bound
value of 105 ksivinch at the same FATT of 47°F, the critica crack depth and
corresponding time-to-failure become 1.22 inches and 16.2 years (see Table 5-1).
Therefore an inspectioninterva of 4 years with a safety factor of 4.05 would be
judtifiable, based solely on mean versus lower bound fracture toughness data.

Effect of Rotor Pre-warming

The inspection interval recommendations supplied by the OEM contained results of
nominal startup temperatures of 75°F, 80°F, 90°F and 100°F to demondirate the
effect of metal temperature onrisk of brittle failure. Pre-warming of therotor during
gartup resultsin significantly higher disk toughnessand critical crack sizes, as
indicated in Table 5-1. At 80°F the lower bound K¢ estimate is 110 ksiNinch and
the critical crack sizeincreasesto 0.46 inch, with atime-to-failure of 3.5 years. At
90°F the lower bound K| estimate is 115 ksiNinch and the critical crack size
increasesto 0.54 inch, with atime-to-failure of 4.8 years.

Crack Growth Rate

The primary crack growth mechanism in low-pressure rotor shrunk-on disksis
stress corrosion cracking (SCC). Based on information provided in Reference [9],
acrack growth rateof 0.06 inch/year was used for the base case anaysis ( Table
5-1), for areported steady-state operating temperature of 172°F at the 7th stage.
This crack growth rate represents two standard devi aions above the mean, based
on General Electric inspection results, which included non-measurable
indications. For comparison, two alternate sources of crack growth data were
used:

(a) Laboratory crack growth data representing a compilation of General Electric,
Westinghouse and CEGB data [10] (proprietary)

(b) The SCC crack growth equation used in the analysis of cracking in boresand
keyways of LP turbines in nuclear plants (References[11, 12]), isgiven below:

In(da/dt) =- 4.968- (7302/T) +0.0278 G,
Equation 5-6

T isthe operating temperature of the disk in °R (°F+460),
oy isthe yield strength in ksi, and,
da/dt isthe growth rate in inches/hour.

An upper bound crack growth rate of 0.02 incheslyear at 172°F was estimated
from [10] yielding atime-to-failure of 4.5 years as shown Table 5-1. For a
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reported disk yield strength of approximately 120 ksi, the crack growth rate
predicted using Equation 5-6 at 172°F was 0.0164 inch/year, resulting in atime-
to-failure of 5.5 years as shown in Table 5-1.

Alternate Models for Stress Intensity Factor Estimates (through-crack)

Asdiscussed earlier in this case history, the first set of alternate models used to
calculate stress intensity factors retained the conservative assumption of a
through-thickness crack. "K; versusa' results shown in Figure 5-7, yielded a 60
percent increase in critical crack size using Models A and B as compared to the
baseline estimate by the OEM. The "crack at aholein a plate” modd used by
Structural Integrity is predicted to provide an even closer representation of the
"non-measurable” keyway crack under the web region by incorporating the added
constraint imposed by the large disk size (87-inch diameter) relative to the small
critical crack size. Resultsusing Model A and Model B are summarized as:

Model A: For the crack mode shownin Figure 5-5a (without the K; effect), the
critical crack size predicted for alower bound toughness of 105 ks Vinch was 0.54
inch, with atime-to-failure of 4.8 years; i.e., acriticd crack szeincrease by a
factor of 1.6 over the OEM K, solution.

Model B: For the crack modd shownin Figure 5-5b, incorporating the keyway
stress concentrating effect, K, the critical crack size predicted for alower bound
toughness of 105 ksivinch was 0.56 inch, with a time-to-failure of 5.2 years.

The above calculaions using Model A and Model B removes some conservatism
relative to the OEM estimate, while retaining the conservative assumption that the
crack extends the entire length of the keyway. The effect of using crack models
with a finite aspect ratio is discussed in the following section (f).

Alternate Stress Intensity Factor Models (finite-length crack)

The second set of stressintensity factor models was developed to address the
conservative assumption of a through-thickness crack. "K; versusa' calculations
were performed for a semi-elliptic surface-connected crack with depth-to-length
ratio of 1:5 (Model C) and a semi-circular crack (depth-to-length ratio of 1:2,
Model D). Based on observed crack geometry documented in cracked turbine
disks[8].

Results, summarized in Table 5-1, predict critical crack sizesof 1.02 inch and
3.30 inches for the semi-elliptic and semi-circular cracks respectively. These
correspond to failure times of 12.8 years and 50.8 years, respectively. These
critical crack size values exceed the results of calculations performed with
through-cracksin Model A by factors of approximately two and six. This
increase in critical crack size results in increases in remaining life factors by of
2.7 and 10.6.
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Effect of Colder Startup Temperatures

The base-line evaluation performed by the OEM assumed a metal temperature of
75°F at unit gartup. To investigate the effect of unit startup with disk
temperatures below 75°F, a parametric study using 65°F and 55°F were included
inthe evaluation. Thisstudy was performed using Models C and D that
incorporated finite-length cracks. The results are summarized in Table 5-1 and
indicate reduced toughness values of 102 ksivinch and 98 ksivinch at 65°F and
55°F respectively. These toughness values correspond to critical crack sizes of
0.92 inch and 0.82 inch for the semi-élliptic crack (Model C) and 3.04 inches and
2.68 inches for the semi-circular crack (Model D), respectively. The shortest
time-to-failure of 9.5 years was predicted for the semi-elliptic crack at a55°F
startup temperature; i.e., a 26 percent reduction in life compared with the baseline
75°F startup temperature.

Effect of Assumed Initial Crack Size

The initial crack size of 0.25 inch, assumed by the OEM, was aso used inthe
calculations performed with Models A-D. The GE value of 0.25 inch was based
on an average of available data for "non-measurable” indications under the web
region [9]. To address concernsthat the largest of these "non-measurable’
indications could be present in the Pilgrim LP rotor, an initid crack size of 0.67
inch was included in evaluation of finite-length surface cracks (Models C and D).
Asshown in Table 5-1, the time-to-failure for the semi-elliptic crack reduced to
5.8 years with 43.8 years for the semi-circular crack. It should be noted that this
0.67-inch initial crack size clearly represents the worst case for a"non-
measurable” indication given recent advances in ultrasonic inspection technology,
yielding avery conservative remaining life estimate. Independent assessment of
the UT of the Pilgrim disks by experts from the EPRI NDE center concluded that
the indications were very small, and that the OEM estimate of 0.25 inch was
conservative.

Effect of rotor overspeed during startup

All "K, versus @' calculations presented thusfar correspond to the rated turbine
speed of 1800 rpm. This assumption is considered reasonable because of the
minimal possibility of rotor overspeed occurring at 75°F (cold condition).
Information on overspeed testing procedures at Pilgrim provided by Boston
Edison personnel [13] indicate that the unit must be held at 25 percent load for a
minimum of four hours before any overspeed tests are performed. After four
hours of operation, the temperature of the limiting wheel, 7GA, is estimated to be
172°F. At this metal temperature, the lower bound rotor toughness is predicted
to be greater than 165 ksivinch [9], greatly reducing the possibility of brittle
fracture due to overspeed.

To address the remote possibility of rotor overspeed occurring in the cold
condition, additional calculationswere performed at 110 percent of rated speed
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(or 1980 rpm) for the finite-length crack models. The results (Figure 5-8, Table
5-1) predict reduced critical crack sizes of 0.81 inch for the semi-elliptic crack
and 2.64 inchesfor the semi-circular crack with remaining lives of 9.3 years and
39.8 years, respectively.
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Table 5-1 Summary of Results: Pilgrim Unit 1 Shrunk-on Disk 7GA Keyway Cracking Evaluation

Case Anayzed %\ _ _ -
f x| E = %% Sl _2ls35| 3
S Elg e8] 55 | E|FE|IBRE|ES
Base Case > 75 12+35 | 105 GE 0.25 034 | 0060 |15
Parametric study results below (effect of key variables in left column)
(8 FATT without 75 12 128 GE 0.25 082 | 0.060 |95
35°F margin
(b) Mean K¢ | 12+35 | 145 GE | 1.22 || 16.2
(c) Prewarming
80°F 80 12+35 | 110 GE | 046 || 35
90°F 90 12+35 | 115 GE | 054 || 4.8
(d) da/dt @ 172°F
lab data 75 12+35 | 105 GE | 034 | 0.020 |45
NRC egn. 75 12+35 | 105 GE | 0.34 | 0.0164 | 55
(e) Sl crack models
Mode A 75 12+35 | 105 Sl Modd A | | 054 | 0.060 |48
Model B 75 12+35 | 105 Sl Model B | | 056 | 0.060 |5.2
(d)+ (e 75 12+35 | 105 Sl Moddl A | | 054 | 0.020 | 145
75 12+35 | 105 Sl Model B | | 056 | 0.020 | 155
(f) Aspect ratio
Mode C (1:5) 75 12+35 | 105 Sl Model C | | 1.02 | 0.060 | 12.8
Model D (1:2) 75 12+35 | 105 Sl Model D | | 3.30 | 0.060 |50.8
(f) + T sarup = 65°F 65 12+35 | 102 Sl Moddl C | | 092 | 0.060 |11.2
| | | Sl Model D | | 3.04 | 0.060 | 46.5
(f) + T sarup = 55°F 55 | 98 Sl Moddl C | | 082 | 0.060 |95
| | | Sl Model D | | 2.68 | 0.060 | 40.5
(f) +a=0.67 inch 75 12+35 | 105 Sl Model C | 0.67 1.02 | 0.060 | 5.8
75 12+35 | 105 Sl Model D | 0.67 3.30 | 0.060 | 438
(f) + 10% rotor 75 12+35 | 105 Sl Model C | 0.25 081 | 0.060 |93
overspeed (1980 rpm) | 75 12+35 | 105 Sl Model D | 0.25 264 | 0.060 | 39.8
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5.1.8 Evaluation Summary and Conclusions; Pilgrim Investigation

An independent stress and fracture mechanics analyss of the 7th stage shrunk-on disk 7GA was
performed by Structural Integrity Associates, which included a parametric study of the influence
of several key variables on the recommended re-inspection interval for this disk.

Thisstudy revealed that an increase in inspection interva could be achieved by consideration of
several areas of conservatism believed to be present in the baseline OEM analysis. In particular,
more accurate modeling of the stressintengity factor for afinitelength crack originating in the
bore region isrecommended. One aspect of this reduced conservatism is the change from use of
asimple edge-crack modd to ahole-in-platemodd. The second change, which ismore
influential, involves the use of finite-length cracks rather than through-cracks. Finite length
semi-elliptic cracks, with depth-length ratios approaching 1:2 (semi-circular) are justified based
on post-failure examination of actual SCC disk cracks. The effect on stressintensity factor of
changing the crack aspect ratio is very significant. In this parametric study performed for the
Pilgrim 7GA disk, use of this less-conservative model yields an estimated time-to-failure of 12.8
years and 50.8 years for semi-élliptic crackswith depth-to-length ratiosof 1.5 and 1:2
respectively. Thiscorrespondsto anincrease in inspection interval by factors of 8.5 and 33.9
over the base case.

It isalso noted that use of more representative material toughness properties (FATT, K,c), rather
than conservative lower bound values, result in a Sgnificant increase in inspection interva. For

example, use of mean fracture toughness alone results in the increase in inspection interval by a

factor of eleven.

The preceding analysis was deterministic, however every effort was made to utilize conservative
assumptions on distributed variables (i.e., two standard deviations). Itisbelieved that the
calculations performed bounded the effects of initial crack size, colder startup temperatures and
the possibility of rotor overspeed in the cold condition. A conservative remaining life estimate
of 5.8 years for the semi-elliptic crack was obtained by assuming an initia crack sizeof 0.67
inch corresponding to the largest historical "non-measurable” indication reported by the OEM.

Based on the results of the evaluation performed for Boston Edison by Structurd Integrity
Associates, it is concluded that the use of a more accurate crack model alone appearsto be
adequate to judtify an ingpection interva of four years. Thisinterva includes asafety factor of

3.2 based on an initial crack size of 0.25 inch and a safety factor of 1.5 based on an upper bound
initial crack size of 0.67 inch.

5.1.9 NRC Review of Parametric Fracture Mechanics Analysis

The parametric fracture mechanics analysisreport [1], prepared by Structurd Integrity
Associates on behalf of Boston Edison was submitted to the NRC for review. The NRC's
interest was to ensure that there was no gross error in the analysis, and to assess the potential
impact to plant safety. The chief of the Materials and Chemica Engineering Branch conducted
the NRC review.
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The NRC review indicated their agreement with the assumptions used by Structural Integrity
Associates to reduce conservatism in the OEM analyss, in particular the stress gradient and
formulation of the fracture mechanics model [2]. NRC calculations yielded a time-to-failure of
4-12 years corresponding to upper bound and mean SCC growth rates of 0.06 and 0.02 inch/year
respectively, which was in close agreement with the time-to-failure range of 4.8 to 14.5 years
predicted by Structurd Integrity Associates.

The following is an excerpt from the NRC memorandum containing the conclusons of ther
review of the analysis submitted by Boston Edison [2]:

“The NRC requires that the turbine missile failure probability be 1E-5 per year or
lower for an unfavorably oriented turbine. GE’sanalysisis based on aturbine
missile generation probability of 1E-5 failure per year. SIA did not performa
probabilistic fracture mechanics analysis. Based on engineering judgement, the
staff estimated that the missile failure probability for the LPA turbine is between
1E-5 and 1E-4 per year. For this condition, the NRC permits the turbine to be
kept in service until the next scheduled outage, at which time the licensee should
take action to reduce the failure probability to the 1E-5 per year criterion
(Reference: NUREG-1048, Safety Evaluation Report related to the Operation of
Hope Creek Generating Station, Supplement No. 6, July, 1986). The licensee has
indicated that they are considering the replacement of both LPA and LPB rotors
during the next scheduled refueling outage, which is expected to be April 1995.
Based on an assessment of the information available, the staff concludes that there
is no safety concern for normal operation of the LPA turbine to the end of the
current fuel cycle. The SIA analysis appears to reduce some of the obvious
conservatisms used in the GE analysis.”

A summary of the NRC review was published in the June 28, 1993 issue of INSIDE N.R.C.inan
article entitled “Pilgrim Critics Claim Danger from Cracked Low-Pressure Turbine Disks’ [3].

5.1.10 Licensee Relief and Successful Continued Operation

Based on results of the evaluation described above, and the subsequent NRC review, Boston
Edison successfully operated the LPA turbine to the next refueling outage in 1995, at which time
both original rotors were replaced by new low-pressure turbine rotors. The new rotors employed
amonoblock designin which the rotor shaft and disks are integrd in asingleforging. This
design eliminates the disk keyway and shrink-fit thereby eliminating any risk associated with
keyway cracking.

5.2 Clinton Nuclear Station LP Turbine Cracking

This case history summarizes the eva uation and dispostioning of inspection findingsin the
Clinton Nuclear Station LPB rotor bore/lkeyway region in 1996 [14]. The Clinton plant is
currently operated by Amergen, but was previoudy operated by Illinois Power at the time the
investigation described below was performed.
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5.2.1 Plant Description and History

The Clinton Nuclear Station turbine-generator is rated at 930 MW and the reactor isa BWR-
style manufactured by Generd Electric. The main steam turbine, also manufactured by GE,
includes one high-pressure (HP) rotor and two tandem-compound low-pressure (LP) rotors with
43-inch last stage blades. Each LP rotor has a double-flow design with seven shrunk-on disks in
each flow path. Commercial operation began in 1987, and through 1996 the unit had
accumulated approximately 80,000 operating hours. With the exception of the last stage shrunk-
on disks, which have aradial key, al the other shrunk-on disks are keyed to the shaft with an
axial key. The disk bore, axial keyways and dovetail regions of the latter stage shrunk-on disks
(stages 4-7) which are highly stressed and exposed to wet steam during operation, are therefore
potentially subject to stress corrosion cracking (SCC).

An inspection and assessment of the Clinton LPB rotor disks by the turbine OEM in 1990
concluded that the NRC limit on probability P, was barely satisfied for future operation over the
asix-year period. Following the 1990 report, the Clinton plant was operated for the six years
without a disk-related incident, and re-inspected in 1996. This case history describes a
comprehensive eva uation of the 1996 Clinton Station bore/keyway re-inspection results
performed by Structural Integrity Associates (SI). The evauation was requested by Illinois
Power Company to justify turbine operation for the following six years. The S| evaluation
consisted of acritical review of the disk inspection methodology and results, and the subsequent
stress and fracture mechanics calculations for critical disksto provide deterministic and
probabilistic estimates of remaining life.

5.2.2 1996 Disk Inspection Results

The turbine OEM, General Electric, performed the LPB rotor wheel keyway and bore surface
ultrasonic inspections. A tangential pitch-catch technique from the web faces and a shear wave
pulse-echo technique from the hub outer diameter were used asillustrated in Figure 5-9.
Maximum crack indication depths reported for 1996 inspection of disks 4G, 5G, 5T, 6G and 6T
are provided in Table 5-2, along with the 1990 inspection results, for comparison. These depths
include the corrections (“adders’) applied by the OEM (0.070 inch for cracks detected under the
hub and 0.100 inch for cracks szed from the web, per Reference [15]). For *“non-measurable”
indications under the hub, a minimum depth of 0.080 inch is assigned and for indications located
under the web, a minimum depth of 0.200 inch isassigned. No indications were reported on the
hub face.

Table 5-2 Summary of Clinton LPB Rotor Ultrasonic Inspection Results

Summary of Worst Keyway Indications: Oct. '96
. Maximum Depth November 1990
Row # Stage Location (inch) Results
L-3 4G Keyway 0.27 0.25
L-2 5G Keyway 0.21 none
5T Keyway 0.23 none
L-1 6G Keyway 0.2 none
6T Keyway 0.2 none
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5.2.3 Stress Analysis

Stress analyses of the LP rotor L-1, L-2 and L-3 disks were performed using two-dimensional
axisymmetric finite element (FE) models of the rotor shaft and disk. A typical half-symmetry FE
model used to simulate the rotor shaft and shrunk-on disk is shown in Figure 5-10. Loading
included centrifugal effects and the shrink-fit between the disk and shaft, which was simulated
using gap elements. These FE stress results do not include thelocal effect of the keyway stress
concentration. This effect was separately accounted for by applying a stress concentration factor
(Ky) of 2.2 for the General Electric axia keyway desgn and a gradient as evaluated by Equation
5-1, presented in the preceding case history for the Pilgrim rotor. Typica hoop stress gradients
from the surface of the keyway crown are shown in Figure 5-11 for L-3 disk.

Figure 5-9 Placement of ultrasonic transducers for bore/keyway cracking sizing scans, Clinton
Station [14]

5.2.4 Critical Crack Size

Linear elastic fracture mechanics principles were empl oyed to compute stress intensity factors
(Ky) asafunction of various crack sizes (a) and geometries, which then permit determination of a
critical crack size (ay) for agiven fracture toughness (K |). Effectsof yielding or plasticity, if
present, were predicted to be highly localized and, therefore, use of linear elastic principlesis
predicted to yield slightly conservative results.
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Figure 5-10 Two-dimensional finite-element model of the Clinton LP rotor 4th stage (L-3) shrunk-
on disk [14]
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Figure 5-11 Hoop Stresses in the Clinton LP Rotor 4th Stage (L-3) Disk at the keyway [14]
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5.2.5 Fracture Toughness

Disk-specific fracture toughness (K ) data was not available, but deep-seated and rim FATT
values (proprietary) were availablefor each disk. Therefore, generic whed toughness datafor
GE rotors, shown in Figure 5-12, was used to estimate Kc [16]. Disk temperatures without
prewarming (70°F) and with prewarming to achieve a minimum temperature of 100°F, were
used to estimate fracture toughness. Deterministic remaining life calculations included lower-
bound and mean estimates for K.. The statistical variation in toughness data was incorporated in
the probabilistic evaluation for bore/keyway cracking.

NiCrMoV ROTOR TOUGHNESS DATA
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Figure 5-12 Wheel toughness versus excess temperature [16]

5.2.6 Crack Tip Stress Intensity Factor Solutions

Stress intensity factor solutions for bore/keyway cracks were generated assuming a semi-elliptic
crack at the ID of ahollow cylinder (Figure 5-6) using Structural I ntegrity Associates fracture
mechanics code pc-CRACK "™ [7]. Four crack aspect ratios were considered, a) planar (a/l=0),
b) 10:1 (a&/1=0.1), ¢) 5:1 (&/l=0.2), and d) 2:1 (a/l=0.5). The planar crack represents aworst-case
scenario and the semi-circular crack (2:1) represents themost favorable crack geometry. The
evidence suggests that finite-length crack models rather than conservative planar models are
more representative of the actud bore/keyway cracks observed in shrunk-on disks. For example,
most of the cracks documented in the failed Y ankee Rowe L P turbine disks (described in the
next case history) were approximately semi-circular in shape [8]. From apractica standpoint,
therefore, a 10-to-1 aspect ratio was considered to be an upper bound for typica bore/keyway
cracks simulations. Typical stress intensity factor (K,) versus crack size (a) resultsfor the L-3
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disk are shown in Figure 5-13. Assuming the rotor is not prewarmed, that lower bound
toughness values apply, and a crack aspect ratio of 10-to-1, deterministic estimatesof critical
crack size for keyway cracks ranged from 0.8 inch to 2.01 inch. Using mean values for
toughness, the critical crack sizesincreaseto 1.77 inch to 2.72 inch for the disks evaluated.
Because disk-specific material property datais proprietary, the detailed data used in this
calculation is not provided here.

Clinton LP Rotor L-3 Shrunk-on Disk (4G,4T)
K vs a: 1980 rpm (10% Overspeed)
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Figure 5-13 Stress intensity factor (K,) versus crack size (a) results for the Clinton LP rotor disk 4
(L-3) bore/keyway at 1980 rpm [14]

5.2.7 Deterministic Assessment of Disk Remaining Life

The disk remaining life was calculated using Equation 5-5, with stress corrosion crack (SCC)
growth rates smulated using Equation 5-6, as described in the prior case history. Based onthe
1990 and 1996 inspection results for the LPB rotor (Table 5-2) a maximum bore/keyway crack
growth rate of 0.038 inch/year was inferred, which is consistent with mean values calculated
using Equation 5-6. Deterministic remaining life estimates using the 0.038 inch/year SCC
growth rate, were in excess of 15 yearsfor all disks with reported cracks.
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5.2.8 Probabilistic Assessment Of Disk Burst

The NRC probability limit of 10 for generating a turbine missile external to the casing (P1) is
applicable to the Clinton rotor, which is oriented favorably; i.e., the rotor centerlineisin line
with reactor. The probability P; of generating an external missile due to brittle failure isthe
combination of the probability of disk burst (Pg) and the probability of containment of the disk
fragments (Pc) expressed by:

Pl - I:)B X(l_ PC ) Equation 5-7

The evauation performed by Structurd Integrity focused on adetermination of the disk burst
probability Ps which changes with operating time and inspection results. An assessment of the
containment probability (Pc) which does not change with operating time or inspection results,
was inferred from the probabilities P, and Pg provided by the turbine OEM [17]; this datais
proprietary and is therefore not reproduced in thisreport. The objective of the Structural
Integrity evaluation was to focus on areassessment of burst probabilities for disks 4, 5 and 6
with keyway indications and demonstrate that the NRC limit on P; stated above would not be
exceeded even with the new crack indications reported in 1996.

A probabilistic analysis, which incorporates the statistica distributions of key input variables
with random sampling, provides a more realistic assessment of failure. Thefirst stepina
probabilistic evaluation requires identification of appropriate random variables and
determination of a statistical distribution associated with each variable. The generation of
probabilistic results can then be accomplished using a technique such asMonte Carlo, which is
essentially a series of many deterministic remaining life calculations using randomly selected
values for the key input variables.

The selection and distribution of random variables for disks 4, 5 and 6 with keyway indications
is summarized in the foll owing paragraphs below:

Variable #1: Stress or K, uncertainty

The FEM analyses were assumed to provide accurate results with a maximum uncertainty of 5
percent due to errorsin either geometric information or applied loads. A normal distribution was
assumed.

Variable #2: Probability of Ten Percent Overspeed

The possibility of a 10 percent overspeed event (1980 rpm) was assessed to be no more than two
percent of the total number of startups based on actual operating history for the Clinton LP
rotors.

Variable #3: Fracture Toughness

The variability in fracture toughness data for General Electric LP rotors was simulated using a
standard deviation in fracture toughness of 16.7 ksivinch above and below the mean with a
normal distribution.
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Variable #4: Fracture Appearance Transition Temperature (FATT)

To determine fracture toughness, the variability in disk FATT was modeled as a normal
distribution. Mean and standard deviation va ues were determined from proprietary disk-specific
data.

Variables#5 and 6: Disk Temperature at Keyway without/with Pre-warming

Without pre-warming the local keyway temperature was assumed to have a mean value of 70°F.
The mean disk temperature achievable with pre-warming on turning gear was estimated to be
100°F. No variability in these values was simulated.

Variable #7: Crack Aspect Ratios

To remove the conservatism associated with a planar crack, various probabilities of occurrence
were assigned to specific crack aspect ratios as follows: 65% for a 10:1 elliptic crack, 25% for a
5:1 crack and 10% for a semi-circular crack (2:1). Thisdistribution was considered to
conservatively represent the non-planar configuration of documented disk cracks.

Variable #8: Effect of Crack Branching

The results of crack branching studies have been summarized under EPRI project RP 1929-14
[18]. It has been documented that crack branching lowers the stress intensity of a growing crack
thereby increasing critical crack size. Based on the data presented in [18], a mean stress intensity
reduction factor of 0.75 with a standard deviation of 0.1 was used in the probabilistic modd.

Variable #9: Initial Crack Size

For hub crack indications General Electric reported using “adders’ of 0.080 and 0.070 inch for
non-measurable and sized indications, respectively. For web indications General Electric
reported using “adders’ of 0.2 and 0.1 inch for non-measurable and sized indications,
respectively. Therefore, astandard deviation of only 5% of reported sze was applied to the
keyway indications for SI’s probabilistic evaluation. A range of mean initial crack sizeswas
investigated for each disk to obtain finite disk failure probabilities after 10" iterations.

Variable #10: SCC Growth Rate Coefficient, C,

The first term in Equation 5-6, was assumed to be distributed normally with a mean of -4.968
and a standard deviation of 0.587 [11]. Based on a maximum growth rate of 0.038 inch/year
inferred from inspection results, the maximum rate simulated in the probabilistic evaluation was
limited to 2.5 standard deviations above the mean representing 99.4 percent of the database
values.

Variable #11: SCC Growth Rate Temperature

The keyway temperature in the SCC growth rate Equation 5-6, was assumed to be distributed
normally with a mean equal to the stage operating temperature reported by GE and a standard
deviation estimated from upstreanvydownstream temperatures.
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Variable #12: SCC Growth Rate - Yield Strength

Disk yield strength values for use in the SCC growth rate Equation 5-6, were assumed to be
distributed normally with mean and standard deviation values inferred from proprietary materia
property data.

5.2.9 Probabilistic Analysis Results

Using the Monte Carlo technique, ten million (107) iterations (lifetime cal culations) representing
aminimum disk burst probability level of 1x107 were performed for each disk. Reproducibility
and consistency of results was tested using various random number generators and random
number seeds. Disk burst probabilities after six years of operation are plotted in Figure 5-14 for
initial crack sizesranging from 0.2 to 1.1 inch, without and with rotor pre-warming. The
Structural Integrity probabilistic results indicated a reduction in the burst probabilities relative to
that computed by the OEM.

The following observations were made based on these results:

() Even without rotor pre-warming, the disk burst probabilities predicted based on the 1996
inspection results are sufficiently low to satisfy the NRC limit of 5x10° per rotor for
unfavorable orientation. These results indicate ahigher margin relative to the 1990 OEM
probabilistic analysis results, which indicated that the NRC limit was barely satisfied
using the 1990 inspection findings.

(b) Without pre-warming, the L-1 disks are most life-limiting because of high FATT vaues
relative to the other disks, which results in smaller critical crack sizes and therefore a
shorter anticipated remaining life.

(c) Preewarming of the rotor resultsin a sgnificant reductionin L-1 disk burst probability,
and was therefore recommended to reduce the overall probability of disk burst for the
LPB rotor. With rotor pre-warming, the L-3 disks became the most probable failure
location.

(d) Most of the failures in the 10’ Monte-Carlo iterations performed were caused by a
combination of low material toughness and high SCC growth rate. It was therefore
judged that the simulation of a 120 percent overspeed event (2160 rpm) with alow
probability of occurrence (less than 1x10™) would not appreciably change the burst
probabilities.
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Clinton LPB Rotor L-3, L-2 and L-1 Row Disks: Keyway Cracking
Probability of Failure after 6 years of operation
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Figure 5-14 Disk burst probabilistic results for the Clinton LPB rotor without (70°F) and with
(100°F) pre-warming

5.2.10 Conclusions; Clinton Investigation

Based on the results of both the deterministic and probabilistic analyses, continued operation for
another six-year period without repair or removal of the keyway indications reported in disks 4, 5
and 6 wasjustified. The limiting NRC missile probability of 5x10™ per rotor for favorable
orientation can be satisfied, even without rotor pre-warming. To provide an additional margin of
safety, however, pre-warming to increase the minimum disk temperature to 100°F was
recommended. Re-inspection of the disks for keyway cracks at some future date is expected to
provide a third data point, which would represent an important benchmark for determining actual
SCC growth ratesin the LPB rotor. Futureinspections may indicate that actual crack growth
rates have not changed appreciably and continue to be consistent with “mean” SCC growth rates.
This observation could then justify a further reduction in the conservativedistribution for SCC
growth rate values used in this analysis and be the basis for a future revised probabilistic analysis
to justify continued operation of the LPB rotor without repair or removal.

The differences noted in the above calcul ated probabilitiescompared to the OEM datais
significant, and points out the need for further detailed comparisons to determine specific
contributing factors.
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5.3 Yankee Rowe LP Turbine Shrunk-on Disk Failure

This case history summarizes the results of a metallurgical evaluation of afailed turbine disk
from the Y ankee Rowe LP turbine [8, 19], supplemented by stress and fracture mechanics
calculations performed by Structural Integrity to better understand the failure. This case history
provides a valuable comparison of thefracture mechanics calculation resultsand actud failure of

an operating disk and thus provides some verification of the type of numerical caculations
described previoudly in this report in Chapter 4.

5.3.1 Plant Description and History

The Y ankee Rowe turbine-generator israted at 185 MW and the reactor isa PWR-style
manufactured by Westinghouse. The turbines, aso manufactured by Westinghouse, include one
high-pressure (HP) turbine and one double-flow low-pressure (LP) turbine. Commercial
operation of the plant began in July 1961. Through 1980, the plant had accumulated
approximately 134,000 operating hours. The Y ankee Rowe plant was retired in 1992,

The LP rotor was configured with six shrunk-on disks in each of the opposed flow paths, with
two rows of blades carried by each of the first three disks and a single row of blades on each of
the final three disks as shown in Figure 5-15. Inlet steam conditionsto the LP turbine were; 40
psig pressure, and 265°F temperature. The Y ankee Rowe unit employed a non-reheat turbine,
i.e. steam conditions are saturated at the LP turbine. The design point LP turbine exhaust
pressure was 1.5"Hg absolute (0.74 psia), which corresponds to a saturated steam temperature of
90°F. The disk material was reported to be a proprietary 2.5NiCrMoV aloy sted similar to
A294 Class 5 and was specified to be in the normalized and tempered condition.

5.3.2 Failure Description and Examination of Components

On February 14, 1980 two disks in the LP turbine failed catastrophically. The failures occurred
during a unit startup while the turbine was being stabilized at operating speed (1800 rpm). Both
number-one disks (generator end and governor end of LP rotor) burst into severd segments and
caused severe internal damage to the turbine. None of the fragments penetrated the outer turbine
casing. A schematic illustrating the fractured segments of the No. 1 generator-end disk, which is
believed to have failed first, isshown in Figure 5-16 [8]. It wasnoted that none of thefive
major fracture paths that extend from the bore to the rim coincided with the keyways at the shaft-
disk interface. Segment number 1 was provided to EPRI for the metallurgical investigation that
isdescribed in Reference [8].
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A0k N0
e A

Figure 5-15 Schematic of Yankee Rowe LP rotor; arrows point out failed No.1 disks [8]

/— Balance hole No. 1

Flame cut

Inlet Face

Figure 5-16 Diagram of Yankee Rowe failed generator-end no.1 disk (largest bore crack, 1.94"
deep x 1.62" long, is at segments 5/6) [8]
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Significant findings and conclusions from the initial NRC site investigation [19] and the EPRI
failure investigation [8] were asfollows:

(&) The major radia fracturein Segment No. 1 exhibited generally brittle features and contained
four separate bore-connected cracks (see Figure 5-17). The largest crack in this segment was
1.04-inch deep and 2.04 inches in axid length. Fast fractureinitiated from this crack and
propagated in aradial direction from boreto rim. Another larger crack was evident, whichis
believed to have initiated the failure of the No.1 disk. This second crack measured 1.94
inchesdeep by 1.62 inchesin axial length. This crack waslocated at the bore between
segments No.5 and 6, and was not part of the EPRI investigation.

(b) All cracks were predominantly intergranular, with fractographic features indicating
significant corrosive attack of the crack surfaces, but there was no evidence of pitting or
general corrosive attack of the bore surface. A large number of crack initiation Stes onthe
bore surface (several hundred) were documented by magnetic particle inspection, with crack
lengths ranging from 0.1 to 0.7 inch; several cracks extended almost entirely across the axial
width of the disk, which measures 10 inches[19]. The evidence suggested the most likely
mechanism for in-service crack initiation and growth was stress corrosion cracking (SCC).
Evidence included the intergranular, branched nature of the cracking, the wet steam
environment and high tensile stresses in the disk bore. Air leakage may have aso
contributed to SCC initiation and crack growth.

(c) Thetensile properties of the disk material are presented in Table 5-3. The disk was forged in
1958, and conformed to the requirements of ASTM A294 Class 5. This specification implies
that no abnormalities in material properties or in microstructure were observed in
manufacturing.

(d) Charpy V-Notch (CVN) impact test result and fracture toughness test results are presented in
Figure 5-18 and Figure 5-19 respectively. The dataindicated alow room temperature (70°F)
toughness in the range of 51-58 ksiVinch near the bore and 72-73 ksiVinch near the rim, with
FATT values of 190°F at the bore and 165°F at the rim. Upper shelf toughness valuesof 139
and 166 ksiVinch, at the bore and rim, respectively, were estimated from CVN impact values
at the approximate disk temperature of 300°F.

(e) Significant residual tensile stresses at the bore surface were measured in a separate
investigation. The observed levelswere 10-25 ks in the circumferentid direction, and may
have further contributed to SCC initiation and growth.

(f) Catastrophic rupture of the No. 1 disk occurred when the one or more bore cracks reached
critical size for unstable fast fracture (fracture toughness was exceeded) due to an
unfavorable combination of centrifugal stress and bore temperature during startup. Turbine
startups, especially without pre-warming the rotor, increase the risk of disk brittle failure.
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Figure 5-17 Diagram of Yankee Rowe failed generator-end No.1 disk [8]

Table 5-3 Tensile Properties for Yankee Rowe Failed Generator-End No.1 Disk Segment #1 [8]

Ultimate Strength Yield Strength Reduction Elongation

Location MPa (ksi) MPa (ksi) of Area 4 in 2 in. %
928.1 (134.6) 768.8 (111.5) 47.0 17.3
Bore 938.4 (136.1) 779.1 (113.0) 50.1 17.9
950.1 (137.9) 784.6 (113.8) 49.1 17.5
932.9 (135.3) 772.9 {(112.1) 47.7 16.1
Near Bore 937.0 (135.9) 777.17 {(112.7) 49.9 16.7
943.9 (136.9) 780.5 (113.2) 49.6 17.5
Hub Average 938.4 (136.1) 777.1 (112.7) 48.9 17.6
Standard Deviation +8.2 (+1.2) + 5.5 (+0.8) +1.3 +0.6
891.5 (129.3) 742.6 (107.7) 50.1 18.2
Rim 898.4 (130.3) 748.1 (108.5) 48.9 17.2
903.9 (131.1) 751.6 (109.0) 46.7 17.6
Average 897.7 130.2 747.4 (108.4) 48.6 17.7
Standard Deviation 1 6.2 1t 0.9 t 4.8 (+0.7) .7 10.5
ASTM A 294-52 827 (1?0) 725 (105) -- 18.0
Class B3 min. min. min. min. - min.
ASTM A 294-79 860- (125- 725  (105) 45.0 18.0
Class 5 1000 145) min. min. min. min.
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Figure 5-18 Charpy V-notch impact energies for Yankee Rowe failed generator-end no.1, disk
segment #1(Bore FATT=190°F, Rim FATT=165°F) [8]
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Figure 5-19 Plane strain fracture toughness for Yankee Rowe failed generator-end No.1 disk
segment #1 (bore FATT=190°F, rim FATT=165°F) [8]

5.3.3 Stress and Fracture Mechanics Calculations

Structural Integrity Associates (Sl) performed stress and fracture mechanics analyses to provide
additional insight into the brittle failure of disk 1. Disk stresses were estimated using classical
solutions for arotating cylinder [4] and pressit of two cylinders[5]. Two methods were used to
estimate of stress:

1. Thefirst estimate was based on design criteria contained in References [8] and [19]. This

criteria states that the shrink-fit stresses are 65 percent of minimum specified yield strength
(105 kd) or 68.3 ksi, and that these stresses remain approximately constant at operating
speed. Asashrunk-on disk increases rotational speed, the initially high shrink-fit stressis
reduced, but the inertial hoop stressesincreases. The nominal net result isan

approximately constant bore stress, until a speed is reached that removes the shrink-fit.
The stress data is plotted versus speed and radia location in Figure 5-20.

. The second stress estimate was based on a generally accepted design rulefor shrunk-on

disks fitted with keyways, which states that the level of shrink-fit during assembly is
selected such that loss of shrink-fit occurs at 120 percent of rated speed. Hoop stress
distributions from the second estimate are plottedin Figure 5-21. There is good agreement
shown with the results of the first method presented in Figure 5-20.

5-33



Hoop Stress (ksi)

EPRI Licensed M aterial

80
=+=RPM=0
70 =#=RPM=1800 —
\ =#=RPM=2160
SRS S S
*\
50 i
" \\ -
\_
30
20
10
0
0 1 2 3 4 5 6 7 8 9 10

Distance from Bore Surface (inches)

Figure 5-20 Hoop stress gradient from the bore of the failed Yankee Rowe no.1 disk (estimated
using 65% of minimum yield or 68.3 ksi)
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Figure 5-21 Hoop stress gradient from the bore of the failed Yankee Rowe no.1 disk (estimated
using loss of shrink-fit at 120% rated speed)
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Stress intensity factors were calculated and are presented in Figure 5-22 for a semi-circular crack
(ratio of crack depth to axial length of 1:2) at the ID of a hollow cylinder. These results were
generated using Structura Integrity’ s fracture mechanics code pc-CRACK ™ [7]. The semi-
circular crack model is believed to be areasonably good representation of most of the sgnificant
thumbnail surface-connected cracks, including the largest one, which is believed to have caused
thefailure. Results of the stress intensity calculations are plotted in Figure 5-22 based on both of
the above stress estimates.

Yankee Row LP Rotor Disk No. 1
Stress Intensity Factors for an Axially Oriented Semi-Circular Crack at ID of a Hollow Cylinder
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Figure 5-22 Stress intensity factor (K,) versus crack size (a) results for the failed Yankee Rowe
no.l disk

The failure was reported to have occurred at 1800 rpm. From Figure 5-22 at 1800 rpm, and a
critical crack depth of 1.94 inches, stress intensity factors of 118 and 98 ksivinch were predicted
for the two stress estimates. Corresponding operating temperatures of 255°F and 225°F were
predicted to yield fracture toughness values corresponding to these calculated critical stress
intensity factors. Thefirst stress calculation method (65 percent yield), however, predictsthe
same 118 ksiVinch stress intensity factor at both zero speed and at 1800 rpm. Since the disk
material istypically colder at sandstill the material would exhibit lower fracture toughness. If
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the first method for stress estimate were correct, then, failure should have occurred at sandstill.
The second stress estimate yields an inferred fracture toughness of 98 ksiVinch at a temperature
of 225°F, and is believed to be more plausible for two reasons:

1. during unit startup, when the turbine first reaches 1800 rpm, the disk bore temperatureis
typically lower than the inlet steam temperature (265°F) because of the time required for
heat transfer from the rim to the bore

2. thedisk failure did not occur at zero speed, implying that higher stresses were experienced
at 1800 rpm. Since the dimensions of the largest observed flaw was 1.94 inch deep by 1.62
inchesin length, stressintensity factors shown in Figure 5-22 may be higher than that for
this flaw. Thiswould imply aslightly lower fracture toughness (~85-90 ksivinch) and a
lower bore temperature (~195-205°F), which could be even more plausible.

5.3.4 Concluding Comments; Yankee Rowe Disk Failure

In conclusion, the low fracture toughness in the bore area of this 1958-vintage disk forging
during startup (51-90 ksiVinch) appears to have been the principal contributor to the failure.

Y ankee Rowe, which wasretired in 1992 was one of the oldest nuclear plantsinthe U.S. Most
modern turbine rotors manufactured using VCD or ESR forging techniques, yield fracture
toughness values in excess of 180 ksiVinch at room temperature. Although the bore stresses
were not evaluated using finite-element analysis techniques, the stressintensity modd using pc-
CRACK™ is perceived to have yielded accurate results based on the prediction that the crack tip
stress intensity factor was very closeto critical for the observed initiating cracks.
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6

SUMMARY AND RECOMMENDATIONS

The purpose of thisreport isto examine and explain areas of potential conservatism in the
current approach to calculating turbine missile probability. These probability assessments are
required by regulators, and form the basisfor turbine disk re-inspection intervas and frequency
of turbine valve surveillance tests. Operators of nuclear plants are seeking to identify and reduce
conservatisms in the missile analyses, which would provide the technicd justifications for
relaxation of disk inspection and valve testing requirements that affect plant operation and
maintenance activities.

6.1 Summary

Thisreport has provided a complete overview of the background and detailsof the current
procedure for missile probability assessment. The process involves severd diverse areasof risk
assessment and management, including disk inspection, fracture mechanics, valve failure rates,
high-energy fragment penetration characteristics, strike probability for specific plant equipment,
and damage probability of struck targets. All of these topics are covered in this report, and
potential conservatisms were identified in many of the areas. Itislikely that if each of the above
areas were to be pursued in depth as part of afuture program to create arefined missile
probability assessment methodology, a significant reduction is missile probability could be
demonstrated. This could, in turn, provide the basis for the desired relief in disk inspection
intervals and valve test frequencies — subject to review and approved by regulators and
appropriate changes by plant operators to meet the requirements of ther license.

NRC acceptance of arevised basis for determining missile probability is critical, and will require
significant interaction between licensees and the NRC to achieve. Recent conversationswith the
NRC staff have indicated their willingness to re-examine the subject of turbine missile
probability, and it is likely that this current effort by EPRI could provide a crucial technical
starting point for upcoming discuss ons.

Since the mid-1980s, the NRC has instructed licensees to focus only on the probability of missile
generation, while assigning afixed “industry-wide’ set of probabilitiesfor the subsequent strike
and damage of plant safety-related equipment. Most licensees currently rely onther turbine
OEMs to generate this missle generation probability and a standard reporttypically follows
routine inspections of the disk bore and keyway region. Diskswith few or no SCC flaw
indications are given relatively longer re-inspection intervas than those disks exhibiting larger
cracks. Plantsthat operate with relatively little SCC damage are aso permitted amoderate
extension of the frequency of valve and overspeed control system testing. These OEM-supplied
analyses are based on a combination of fundamenta principles, such asfracture mechanics, years
of field observations from cracked disks, and operational event histories related to reliability of
plant control systems. All analyses are structured as probabilistic calculations rather than
deterministic calculations, and the NRC has reviewed and approved each OEM procedure.
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6.1.1 Options Available

Table 6-1 summarizes the findings reported in this document. Table 6-1 isa high-level
summary, and the reader is encouraged to find supporting detailsin Chapters 2-5 of this report.
Six risk elements are identified, with comments relating to how conservatism could be reduced.
Therelative potential for reduced conservatism, and the R& D costs range associ ated with each
element arelisted. Detailed costsfor development and implementation of each item are not yet
available, so the information in Table 6-1 is based on the judgement of EPRI staff at thistime.

It is noted that several of the itemsin Table 6-1 are interrelated, and in-fact these items are
tightly integrated in the present OEM methodology for assessing risk. Thisisan important issue
if the option of replacing only portions of the existing OEM-supplied analysis were considered.
An example is the assessment of missile probability attributable strictly tofailure of the turbine
overspeed protection system. This probability isnot clearly identified in the current OEM-
supplied missile probability reports. De-coupling thisrisk element and replacing it with an
independent assessment would likewise require OEM cooperation.

Currently, however, the assessment of P; iscompletely de-coupled from the evaluation of P,
and Ps. This de-coupling was proposed originally by Bush, and has remained this way based
on NRC recommendations. This suggests that devel oping arevised approach to assessment of
P, and P3; would have some advantages since licensees could still use the currently-supplied
assessments of P, but with probability limitsthat are increased commensurate with the
expected decrease in the combined probability P, x Ps. Unfortunately, this approach to
managing the overall probability P, by performing amore refined analysis of P, x P3 has been
discouraged by the NRC, who have stated that |icensees must manage P ; through a program of
testing and inspection. EPRI also cautions against seeking regulatory approval for increases
in the current limits on missile generation probability, P;. Plant operators should be aware of
the significant safety risk to plant personnel and financial risk associated with aturbine
missile event —even if there is no associated damage to plant safety related equipment. The
lost generation and replacement power cost that would be associated with reparsfollowing a
turbine missile event, combined with the repair costs, are expected to outweigh any
advantagesto O& M associated with an increased allowable limit on P;.
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6.1.2 Recommendations

EPRI will organize agroup of licensees to act both as utility advisors on this project, and the
interface to the NRC. EPRI will also establish contracts with specialists in fracture mechanics
and probabilistics. Thiscombined group will meet with EPRI staff for a presentation of the
technical issues covered in thisreport. Other items to be covered in this meeting include the
licensing ramifications of arevised missile probability assessment methodology, and
development of a plan for including or interfacing with the OEMs in the re-evaluation of missile
probability.

It is recommended that these technical advisors organize a meeting with both NEI and NRC in
which the technical material contained in thisreport is presented. EPRI will provide technical
support for this meeting. Topicsthat should be explored in these discussions include:

It isrecommended that these technical advisors organize a meeting with both NEI and NRC in
which the technical material contained in thisreport is presented. EPRI will provide technical
support. Topicsthat should be explored in these discussions include:

e NRC technical opinion on the areas of conservatism identified by this report

e NRC opinion on implementing potential new risk assessment procedures (individud licensee
or industry-wide)

e NRC position on further extensions to overspeed control system test intervals; source of
suitable industry data, and other constraints on maximum intervas

¢ |sthe NRC open to the possibility of re-examining P, and Ps?
e NRC'svision of the future role of OEM’s in missile risk assessment

e Procedure required for qualification of any software to be used in afuture missile probability
evaluation tools

Based on the outcome of the discussions with NEI/NRC, and with the recommendations of the
project technical advisors, EPRI will proceed with development of a select set of the refinements
described in Table 6-1. Based on EPRI’ s assessment of the potential gains associated with
improving the assessment of various risk elements, itislikely that the plan will include
development of a new fracture mechanics analysistool, which will require the appropriate leve
of software quality control as required by the NRC. It is dso likely that the plan would include
the creation of an independent database for assessments of turbine overspeed control failure
rates.

Regarding the potential advantages offered by phased-array NDE in keyway inspections, EPRI
will approach potential commercializers for this service.
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Table 6-1 Elements of current methodology for assessing risk of damage to safety-related by
turbine missiles, with potential for improved methodology

x x
=5 GE) o <= & ‘B 8 <
5|25 o = 35 g 2
=lga T @ = < < g =
1 : T8 | o :
o [i4
Turbine Pre-1991 Use current Thisrisk element is currently
1 |P overspeed industry event | industry data, M MJ/L | integrated with overall Py
control failure data refine to include evaluaionislikely available
Employ refined Case higtories demonstrate
Linear analysis | models and significant reduction in
Disk brittle with N nume_rical conservatism p ble. NRC
> | p failure due to probability techniques for H H demonstrated willingness to
1 sce assessment via | critical crack pursue. Analysis more complex
closed-form size evaluation, and requires specialist.
solutions use Monte-Carlo Availability of key input data still
techniques undetermined
Needs additional verification of
Assessment of ) improved detection and sizing,
3 | P existing flaw LF#etdr;ngl € LPJr_lra.?edr;a(ray M M particularly with Westinghouse-
characteristics eehniques eehniques style disks. Implementation
would require commercializer.
OEM- Revised aelysis on'sopraton of burs o misle
Fragment proprietary based on results separd
. : probabilities from OEM
4 | P, penetration anaysis, of EPRI sled- L M/H calculations or development of
probability supported by tests performed a culat €op ;
tests at Sandia Labs ternatlvecdw_latlon/andyss
methodol ogy using EPRI test data.
Review details . .
NRC currently discouraging.
Strike gﬂpg?é;ia” 0 |to Current methodol ogy may aready
5P probability developed by improvements; L M be sufficiertly refined. New
' method would require speciaist to
Semanderes make more .
o implement
plant-specific
Probability of Integrate with
damage to Conservative analysis of P, to NRC currently discouraging.
6 | Ps struck safety- value of 1.0 account for M/H | M New method would require
related assigned range of missile specidlist to implement
equipment size and energy

* see Chapter 2 for definition

** three categories are high (H), moderate (M), and low (L)
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