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EXECUTIVE SUMMARY

Depleted uranium hexafluoride (E)Hs stored in over 60,000 steel cylinders at the Eashd@ssee
Technology Park (ETTP) in Oak Ridge, TennesseeaPaducah Gaseous Diffusion Plant (PGDP) in
Paducah, Kentucky, and at the Portsmouth Gaseous Diffedant (PORTS) in Portsmouth, Ohio. The
cylinders range in age from six to 52 years. Althowbbn new the cylinders had wall thicknesses
specified to within manufacturing tolerances, ovenbers corrosion has reduced their actual wall
thicknesses. The YEylinder Project is managed by the United States ieeat of Energy (DOE) to
safely maintain the Ufand the cylinders containing it. The requiremenfttie Project are delineated in
the System Requirements Document (LMES 1997a), and tibesoeeded to fulfill those requirements
are specified in the System Engineering Managenant(BMES 1997b).

This report documents activities that address regeinesrand actions involving forecasting cylinderlwal
thicknesses. Wall thickness forecasts are baseabdels fit to ultrasonic thickness (UT) measurement
data. First, UT data collected during FYO02 is combingd UT data collected in earlier years (FY92-
FY01), and all of the data is inventoried chronolafijcand by various subpopulations. Next, the data is
used to model either maximum pit depth or minimum this&raes a function of cylinder age, subpopulation
(e.g., PGDP G-yard, bottom-row cylinders), andahithickness estimates. The fitted models are then
used to extrapolate minimum thickness estimates ietéutiire and to compute estimates of numbers of
cylinders expected to fail various thickness criterdamodel evaluation is performed comparing UT
measurements made in FY02 with model-fitted projectimsed only on data collected before FY02.

The FY02 UT data, entered into the corrosion modellzese and not available for the previous edition of
this report (Schmoyer and Lyon 2002), consists of teisknmeasurements of 48" thin-wall cylinders: 102
cylinders at Paducah, 104 at ETTP, and 117 at Portsmaut;2athick-wall cylinders at Portsmouth.
However, because of missing values, repeated measuties same cylinders, outliers, and other data
problems, not all of these measurements are necgassed in the corrosion analysis, and some previous
measurements may simply be replaced with the new ones.

In this edition of the report, cylinder subpopulatiorirdBbns and counts are updated using the latest (as
of June 2003) information from the Cylinder Inventoryt&emse (CID). Cylinders identified in the CID as
painted during the last ten years are excluded from sulat@md considered at-risk of failing minimum
thickness criteria, because it is assumed that paifutilygarrests corrosion for ten years. As in the
previous edition of the report, two different approadbesorrosion modeling are pursued: (1) a direct
approach in which minimum thickness is modeled diyexsl a function of age, subpopulation, and initial
thickness estimates; and (2) an indirect approaaihich maximum pit depth is modeled, and the pit-
depth model is then combined with a model of initiétkness to compute estimates of minimum thickness.

The data used for both the direct and indirect maddf®m cylinders sampled randomly or approximately
randomly starting in FY92. In the earlier yearscBrming was the primary UT measurement method.
Although the P-scan data is still included in the etiod, it is deprecated in the discussion—for all¢hre
sites, not just ETTP and Portsmouth, as in previoumesliof the report. With the exception of some
Portsmouth cylinders that were scanned several tivesthe years, the sampling desigarisss-
sectional—each year, new samples of cylinders are selectestéoming.

Both the direct and indirect corrosion models sugtesETTP thin-wall cylinders, both K-yard bottom
and the remainder, are the most likely to fail @asi thickness specifications. The next most vulnerable
cylinder subpopulations are the ETTP/PGPD/PORTS tkiried bottom cylinders (at the head/skirt
interface) and the PGDP former G-yard, bottom-rolndgrs. Very few of the thick-wall or %2" (30"
diameter) cylinders show any indication of failagy of the thickness criteria. These conclusion&ajer
to both near-term (e.g., FY03) and longer-term praestie.g., FY2020).
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In this edition of the report, considerable attent®opaid to statistical outliers. Projections of hurshf
cylinders likely to fail various thickness crite@ae computed for the direct and indirect models, inatth

and without certain outliers in the analysis. Remgwinly a small percentage (<1%) of the data used to f
the models turns out to have a substantial effectefittad models and computed projections. A
recommendation of the report is that cylinders wittlier UT measurements should be measured again to
either verify or correct earlier UT measurementstiiem. Because the justification for throwing the
outliers out is only statistical, it is important measure these cylinders. (Remeasurements of some of
these cylinders are already being made at Paducah.)

In previous editions of the report, model-based prajesthave been computed for each of various cylinder
subpopulations. New in this edition are tables of mpudgkctions by both subpopulation and age.
Because overall projections for any given subpopulatieraaerages over all ages, age-specific projections
that warrant attention can be identified in the telales, but may not be identified in projections for the
subpopulation as a whole. For example, for the subpopulatiédtartsmouth, thin-wall, bottom-row
cylinders and ETTP, thin-wall, K-yard, bottom-rowlinglers, overall projections of numbers of cylinders
likely to fail various thickness criteria are muckvé (on the whole) for Portsmouth, but age-specific
projections for cylinders of age 47 (for example) algeas high for Portsmouth as ETTP. Because the
Portsmouth cylinders are not as old on the wholb@&TTP cylinders, this is not clear from the talié
overall projections for cylinder subpopulations, not brotewn by age.

The minimum wall thickness criteria used in this répoe as follows. For thin-wall cylinders (design
nominal wall thickness 312.5 mils; 1 mil = 0.001 inch): 0 &olg, 62.5, and 250 mils. For thick-wall
cylinders (design nominal wall thickness 625 mils)68.,5, and 500 mils. For %2" (30" diameter) cylinders:
0, 62.5, and 100 mils. These criteria triples are baspdatagely on (1) loss of UHbreaching), (2) safe
handling and stacking operations, and (3) standardsffsite transport and contents transfer criteria

For the higher thickness criteria (250/500/100 mils for-wtai, thick-wall, or ¥2" cylinders respectively),
FYO02 cylinder thickness measurements are consistémipnojections based only on measurements made
before FY02. For the lower thickness criteria, nufas of the criteria are predicted and none are
observed. This finding is somewhat inconclusive, @, simply because failures of cylinders to meet the
lower criteria are so rare. Projections for thrempopulation of cylinders, as opposed to just those
sampled, appear, in fact, to be conservative. Faibirgge 0 and 62.5 mil criteria are projected at a rate
that, though very small, would be unlikely to go undegceven without UT measurements. Because of
updating of the subpopulation definitions, deprecatioh®f-scan data, and the addition of new data for
measurements made in FY02, these projections are eoaislgl lower than the corresponding projections
for FY02 computed for the FY02 report. Neverthelessptbgctions still appear to be conservative.

For the direct model, projections can be conservaeause of regression parameter estimation error, for
which the direct model projections incorporate adjesitisi The indirect model projections do not account
for parameter estimation error. Another possibleaeésr the conservative projections is that cylisder
were once maintained at less than present-day sthradad that, even after accounting for attenuation i

the rate of corrosion, current corrosion is note&e as corrosion in the past. However, essgntithibf

the UT measurement data is from FY94 and later. 8osion changes reflected in the UT data itself

(i.e., as differences—no UT initial thickness measwer@s have been made) are all changes subsequent to
FY94. At least in theory then, it should be possiblguantify current cylinder minimum thicknesses or pit
depths and current rates of change using availableathl, dnd the rationale that cylinders were once
maintained at less than present-day standards nuglte enough to explain conservative projections.
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Other possible reasons for conservative projectiarisde:

® problems with the corrosion physical model (model laickt even under constant conditions)
® data anomalies (outliers) and how they are handléuki statistical analysis.

As discussed above, data anomalies are a focus oéfiust. Problems with the corrosion physical model
were considered in Schmoyer and Lyon (2002), wherditbet modeling approach is proposed as an
alternative to the indirect modeling approach usgatévious editions of the report. Because of problems
such as the difficulty in measuring original thickressghe indirect model has lead to anomalous results,
sometimes suggesting accelerated or even “negativedsion, which are inconsistent with corrosion
theory and practical experience. Therefore, theraltizre, direct model was developed in the lastaliti
and is considered again here. The direct appro&chsseetter than the indirect approach in several ways.
It seems to have better statistical properties, athoeis not lead to either accelerated or “negative”
corrosion fits. However, like the indirect-modebjgctions, the direct-model projections also seem
conservative. Thus, as before, the conclusion ofépiert is that neither modeling approach is clearly
better or worse than the other and both approachesdstantinue to be explored.

In addition to age and subpopulation, a myriad of otheables might effect corrosion but are not
accounted for in the modeling. Examples include howynse cycles the cylinders went through, how
many nicks and scrapes, and the nature of formercguctzatings, now perhaps long gone. Add to the
variables not accounted for, biases introduced in thengasurement scanning, and the result is a problem
with lots of statistical error. Corrosion physicgldhe effects of time are only a part of the wisbiey.

In addition to a good model, good cylinder thiclseecasts are and will continue to be contingent on
careful UT measurements, careful data quality congrgl (elimination of outliers), and sufficient UT dat
that, through laws of large numbers, the statistiosewill be reduced.

This report complements and extends previous editiohydry (1995, 1996, 1997, 1998, 2000) and by
Schmoyer and Lyon (2001, 2002).



1. INTRODUCTION

The UF; Cylinder Project, managed by the United States Deeat of Energy (DOE), was formed to
maintain and safely manage depleted uranium hexaflu(yiég stored in over 60,000 carbon steel
cylinders. The cylinders are located at three D@é&S: the East Tennessee Technology Park (ETTP) in
Oak Ridge, Tennessee; the Paducah Gaseous Diffusion(PIGDP) in Paducah, Kentucky, and the
Portsmouth Gaseous Diffusion Plant (PORTS) in Portdm@itio. The results presented here
complement and extend those presented in previousnsddfaylinder corrosion reports by Lyon (1995,
1996, 1997, 1998, 2000), and Schmoyer and Lyon (2001, 2002).

TheUF; Cylinder Project System Requirements Docur(feRD, LMES 1997a) delineates the
requirements of the project, and the actions neadidfill those requirements are specified in thig,
Cylinder Project System Engineering Management PEfMP, LMES 1997b). This cylinder corrosion
report documents activities that address specific reipeints and actions stated in the SRD and SEMP
with respect to forecasting cylinder wall thicknesse

System Requirement 1.2.2 is that performance shall bgareshand evaluated to identify potential risks.
The corresponding SEMP Action 2.1.2 is to model coorog project cylinder integrity. This report
establishes techniques for modeling corrosion rated asthe project to forecast cylinder integrity,
guantified in terms of wall thickness.

System Requirement 4.1.2 calls for monitoring cyliraerditions. The corresponding SEMP Action 3.1.2
is to statistically determine the baseline conditboylinder populations by obtaining quantitative data.
This report documents statistical methods used tacherize cylinder populations on the basis of UT
measurement data. Wall thickness and corrosiorepihddata have been collected for several
subpopulations of cylinders.

System Requirement 4.2siates that cylinders shall be categorized to enbateisks are identified. The
corresponding SEMP Action 2.2 is to define and desaabegories in terms of cylinder functional criteria
and/or factors that could adversely impact cylindeggrity. The analyses in this report are based on
cylinder populations defined in terms of cylinder tyfeg., thick-wall, thin-wall), historical storage
locations (yard and position), and similarity of dtitative data.

System Requirement 4.2.2 states that cylinder congisball be forecast to direct surveillance and
maintenance resources. The corresponding SEMP Az#bis to define procedures for forecasting
cylinder conditions. System Requirement 4.2.2a ideatify which collected data will be used for
forecasting (SEMP Action 2.2.1) and to integrate fas¢éiog with modeling efforts (SEMP Action 2.3).
System Requirement 4.2.2.b is to develop mechanism#isol@ate information for summary-level
decision making, and the corresponding SEMP ActiBril2s to forecast cylinder conditions using the
parameters identified. Cylinder wall thickness, sbibject of this report, is one parameter identifietthén
project for forecasting cylinder conditions. SEMEti&n 3.1.1 is to project numbers of non-compliant
cylinders.

Section 2 of this report introduces two general appesth modeling and forecasting cylinder wall
thicknesses, a “direct” approach and an “indirect” apph based on separate models of pit depth and
original thickness. Section 3 is a history and sumroécylinder wall thickness data collection atkOa
Ridge, Paducah, and Portsmouth. Section 4 is abowsstgn model fitting with the models introduced in
Section 2 and the data discussed in Section 3. Asrjired in SEMP Action 3.1.1, Section 5 contains
projections based on the models fit in Section 4. S¢pa@rojections are presented for both the direct and
indirect modeling approaches. The direct and intimexlels are evaluated and compared in Section 6.
Limitations, conclusions, and recommendations aseudised in Section 7.



The disposition of any particular cylinder for storagendling, and transfer should depend on the conditi
of the cylinder. In this report “condition” will bike minimum wall thickness of the cylinder. Wall
thickness criteria 0, 62.5, and 250 mils for thin-wallr@dérs, and 0, 62.5, and 500 mills for thick-wall
cylinders, are limits based on (1) loss ofgU2) safe handling and stacking operations, andtgB)ard
off-site transport and contents transfer. In gdnénase criteria refer to an area of wall thinningt a
single a point. On the other hand, minimum wallkhéss measurements collected for the report are for
areas of only about 0.01 square inches, which is edieatjgoint. For thickness criteria greater than
zero, conclusions based on minimum wall thicknessesrathis respect, conservative. Because of the
interaction of Uk with atmospheric moisture and steel, a point breaciidideteriorate in a year to one-
inch diameter hole (DNFSB 1995), however, and so sana#-approximations should be close, at least for
the breach criteria.

Projections of numbers of cylinders expected to failous thickness criteria are the primary objective of
this report. For these projections, recently paiodidders are excluded from populations considered to
be at risk. For higher thickness criteria (250/500/100 fanil¢hin-wall, thick-wall, or 2" cylinders
respectively), projections computed only from pre-FYO2a@at consistent with measurements made in
FY02. However, projections of numbers of cylinderdriglbelow lower thickness criteria (0 and 62.5
mils) appear to be conservative. For the direct moldelconservative projections could be due to
regression parameter estimation error, for whichditfext model projections incorporate adjustmentse Th
indirect model projections do not account for parametémation error. Another possible reason for the
conservative projections is that cylinders were anaetained at less than present-day standardghatd
even after accounting for attenuation in the rateoofosion, current corrosion is not as severe a®sion

in the past. However, essentially all of the UT sugament data is from FY94 and later. So corrosion
changes reflected in the UT data itself (i.e., ifsrénces—no UT initial thickness measurements have
been made) are all changes subsequent to FY94. Thdiemaionale that cylinders were once
maintained at less than present-day standards nugltte enough to explain the conservative projections.
Other possible reasons incléide

1. problems with the corrosion physical model (mod Iaf fit even under constant conditions)
2. data anomalies and how they are handled in #tistgtal analysis

Problems with the corrosion physical model are caneitliin Schmoyer and Lyon (2002), where a model is
proposed that is an alternative to the corrosion megel in previous corrosion reports. For editions of
this report before 2002, minimum cylinder thickness had bemleled indirectly as a difference between
original thickness and maximum pit depth. Maximum pit blepds modeled as a function of cylinder age.
A separate original thickness measurement/estimageaamired for each cylinder used to fit the model.
Because of the difficulty in measuring original thiekees for each cylinder and perhaps other problems,
the indirect approach has lead to anomalous resultgtsoes suggesting accelerating (or even negative)
corrosion, which is inconsistent with corrosionaiye Therefore, for the 2002 report, an alternative,
“direct” model was considered, in which minimum &mess is modeled as a function of age and an initial
thickness estimate for each cylinder population, assggbto each individual cylinder. The direct
approach improved the corrosion predictions in thatrehaus model fits seemed to be avoided. However,
like the indirect-model projections, projections basedhe direct model seemed too conservative. The
direct and indirect modeling approaches are both deresd again in this report.

The sometimes conflicting goals of inspection and attarization can also lead to pessimistically
sampled cylinder thickness data and in turn to conseevatinclusions. However, that bias is not quantified in
this report.



In this edition of the report, considerable attentfogiven to reason #2 above. Statistical analyses ar
performed both with and without certain statisticaliets—Iless than 1% of data points—which are most
extreme and, in that statistical sense, most suspectnclusion from these comparisons is that much of
the conservatism in the thickness predictions hiegeshether or not fewer than 1% of thickness
measurements are excluded from the analysis. Furtheramalyses of cylinders measured during several
different years have shown that inconsistenciescgar among repeated measurements (see, for example,
discussion about ¥2" thick (30" dia.) cylinders in Sec8d?). Thus there is a basis for skepticism about
some of the more extreme thickness data. A condwsithis report is that cylinders with anomalous
thickness measurements should be remeasured to @itifiercor refute their prior data. Remeasurements
of cylinders with anomalous thickness measuremeetslagady being made at Paducah.



2. APPROACHES TO MODELING CYLINDER WALL THICKNESS
2.1. Direct and Indirect Models

The basic problem addressed in this report is to priedigtmany cylinders, in cylinder groups
(subpopulations) defined by age, location, storage positc., will have minimum thicknesses below a
specified thickness by at specified timé For a cylinder randomly selected from such a graaip/(t)
denote the minimum wall thickness at timeM(t) is random because of variations in initial thiclses
(manufacturing variability), the steel substrate, threasion process, and storage conditions.

ConsiderProb(M(t) < 2), the probability thaM(t) is less tharz. For a group oN cylinders, the expected
number of cylinders with minimum thickness belpat timet is N x Prob(M(t) < z). Because the number
of cylinders in a group at risk is affected by maiatee (e.g., painting may remove cylinders from a
group),N may change over time. For a group of cylindersrigavarious ages, the expected number of
cylinders with a minimum thickness below a given vala¢ timet can be estimated using the relation:

( Expected number of cylinders with minimum thickness bel@at time t) =

)" (Number of cylinders of age a at time tPreb( M(t) <z for cylinders of age & , (1)

a

where the summation extends over all cylinder agdsate that, because of sampling, the age of (2.1) is
anexpectechumber of cylinders. Estimates can also be of acwaber of cylinders as opposed to
expected numbers. The estimates themselves are usgadlsrne, but confidence limits are ordinarily
wider for estimates of actual numbers.

One approach to the problem of estimating (2.1) is teerhAlk measurements of cylinder wall thicknesses,
deliberately trying to locate the actual thicknessima. By doing this for cylinders of various ages a

from various subpopulations, data so collected can betaseddel the minimum thicknesses as a function
of age, subpopulation, and estimates of initial thickegs Initial thickness estimates are based on abmin
thickness data (from design sheet data), as wefleadmum wall thickness measurements, and judgment.
In this report, this approach will be called “diredigcause minium thicknesses are modeled directly, and
because the objective is to make projections about minithicknesses. Approximations are incurred in
the direct approach because of error in initial thiskrestimates, and because actual minimum thicknesses
may not be discovered, either because of insufficEgatching, or because searches may be focused on
areas of maximum pitting rather than the minimum theskn If a cylinder’s initial thickness is not

uniform (e.g., because of variations introduced in fiogh then where pitting is worst may not be where
the minimum thickness actually occurs.

Another approach is to model maximum pit (i.e., cormsiepths. Pit depth models are much more
common in the literature than minimum thickness nwo{&te below). Given a pit depth model, projections
about minimum thicknesses can be computed as differbebssen initial thickness estimates and
maximum pit depth estimates computed from the pit deptlein@ in the direct approach, initial
thickness estimates can be based on nominal spedoifis@nd maximum thickness measurements.

Besides the initial thickness approximation, an apprbasied on maximum pit depths is approximate
because minimum thicknesses need not occur wheré thitilknesses are minimum or where pit depths are
maximum. More specifically, |&€E,(x) denote the initial wall thickness at a cylindeedtionx, and let

P(t, X) denote the pit depth at locatirm@t timet. Then the thickness at poits Cy(x) - P(t, X), and the
minimum thickness is



M@ = min {C,(x)-P(t )},

where the min is over all poinkson the cylinder. For timg let x*(t) denote the point at which the
thickness is minimized. Thavi(t) = Cy(x*(t)) - P(t, X*(t)). Note thatP(t, x¥(t)) is the pit depth at the
point of minimum thickness, which is not necessdhy maximum pit depth. Similartg,(x*(t)) is not
necessarily the minimum initial thickness.

If x*(t) is estimated through UT scanning, and if UT thedsimeasurements are madegt)
(approximately) and at relatively uncorroded areakarvicinity ofx*(t), thenP(t, x*(t)) andCy(x*(t)) can
be estimated. Those estimates could be used to dewetigis for pit depths and initial thicknesses at
X*(t), which in turn can be combined to produce minimum tiésk estimates and projections. Note,
however that this approach would not really be basedraaximum pit depths. Furthermore, the
approach would be very heavily dependent on proper ttiskmeasurements being made at relatively
uncorroded areas negi(t). Uncorroded areas might not exist. A very commaiation on cylinder
reports is “uniform corrosion,” which suggests thattfmse cylinders there are no uncorroded areas.

Lyon (2000) developed a method based on a maximum pit degplél and the following approximation.
Observe that

v

M(t) > min{CO(x)} - max{P(t, x)}

C, - max{P(t, x)}

C,- P(®)

whereC, is the initial minimum thickness, aift) is the maximum pit depth at ageBy this inequality,
C, -P(t) is a lower bound foM(t), and conclusions abo@, - P(t) are conservative conclusions about
M(t).

Because it starts with a conservative approximatioonisyapproach may be more appropriate than the
above approach based on estimatd?(iphi(t)) andCy(x*(t)), especially in view of limitations in the UT
measurement data. In Lyon’s approach,Ghare estimated either with thickness measuremerds ata
uncorroded areas near the area of minimum wall te&knor else with “original thickness estimates”
measured at areas of approximaximunthickness. The(t) are estimated by subtracting thickness
measurements made either where the worst pitting ®aruvhere the wall thickness is minimum. (In
practice x*(t) has been estimated by searching with UT scans, bsg #earches have almost surely been
biased towards areas of maximum pitting.) To makenasts and projections about minimum thicknesses,
the statistical distributions of tl&, andP(t) are combined (see Appendix A) in a way that assuneetsvih
distributions are statistically independent. Theistial independence is an assumption that couldfdail,
example, if steel quality and initial thickness arg@ated. In this report, because the minimum
thicknesses are modeled indirectly through separatielsiof maximum pit depth and initial thickness,
Lyon’s approach is referred to as “indirect.”



2.2. The Indirect Approach

Maximum Pit Depth Models. If the corrosion process has reached a conditiovhich, whatever the
corrosion history may have been, each cylinderisoding at some relatively constant rate, then rirogle
future corrosion entails determining the current ameras for each cylinder and estimating the currate.r
A feature expected of corrosion, however, is thageimeral, its rate decreases with time.

The indirect model used in this report is based ompdueer law, which has been used in many previous
applications of corrosion modeling (e.g., Felieu efl8P3a; Felieu et al. 1993b; Legault and Preban 1975;
Pourbaix 1982; Mughabghab and Sullivan 1989; Romanoff 1957). The [aawmP(agexAx (age),
whereP denotes pit depth (or penetration), @ndndn are constants. For< 1 the power law allows for
“leveling off” in corrosion, which is common becaudéhe semi-protective qualities of iron oxides. The
model parameter& andn can be estimated using the log-linear regressioreimod

log(P(age))= log(A) + n log(age)+ random error, (2.2)

which is the estimation approach taken in this rep@htl logs in this report are natural logs.) Thedam
errors are assumed to be statistically independerindedendent of the cylinder initial thickness.
Separate regression models are fit for each of smreeylinder groupings, which are discussed in Sectio
3 and 4. For the regressions, maximum pit depth measuisefoe each cylinder are estimated from
minimum thickness measurements and estimates @l ithittkness, which are based on maximum wall
thickness measurements made for each cylinder.

According to Pourbaix (1982), Passano (1934) was the fitsedhe power law relationship in corrosion
prediction. This law is considered to be valid fiffedent types of atmospheres (rural, marine, indu}tria
and a number of materials. The paramatean be interpreted as the corrosion in the first,yaad the
parameten represents the attenuation of the corrosion becaubke phssivation of the material in the
atmosphere (Pourbaix, p.115).

The power law model can be related to the mean (egra@ed) corrosion rate, since the mean corrosion
rate is given byP/age= Ax(age). If n=1, this implies that the age-averaged corrosionisatenstant,
while if n < 1 (which is typical), the corrosion rate decreasél tine. Mechanistic interpretations rof
have also been made (Horton 1964)n=0.5, then the relationship is said to be parabolic, thith
corrosion rate controlled by diffusion through the dager. Ifn < 0.5, the rust layer is showing protective
properties, while ih > 0.5 the rust layer is not fully protective because ofdexcthat may be preventing
the homogeneous thickening of the rust layer.

Because estimates of the “leveling offi' € 1) pattern usually expected for pit depths can be sentitive
narrow data ranges, outliers, and other data anesndie power law approach should be used with
caution. In fact, a failure of either the levelirf§ ¢n < 1) hypothesis or the increasing corrosiorr Q)
hypotheses is observed for eight of the seventeardeylgroups considered in this report (see Section 4),
and an alternative model is then applied. The atamm model is the same, except thas constrained to
be 1 (Lyon 1995, 1996).(This inconsistency between data and assumption—etitfor the slope-set-to-
one-model—was the main motivation for the direct appino)

In order to address the variability inherent ind¢berosion process, it will be assumed in the indineotlel
that pit depths are lognormally distributed at each(agéme). This can also be expressed on the log

Becausen < 0 is untenable from both a theoretical and practicalpetive, the same= 1 (slope-set-
to-one) alternative will be used if the power-law moeltimate of is either greater than 1 or less than 0.



scale as lodf(a)) ~ N(log(A) + n log(@), o), whereN(L o) denotes a normal distribution with mgaand
standard deviatios. For this model, on the arithmetic scale, theiared equal ta\(age), the mean is
A(age) explo? /2], and the standard deviation Aageyexplo? /2] [exp(?)-1]¥2 The coefficient of
variation (ratio of the standard deviation to theam) is constant in time and equal to [eXpl]"2

The lognormal assumption has been checked by goodniiistests discussed in previous cylinder reports
(Lyon 2000). Given that the data consists of maximurdgpth estimates, it would be natural to apply
extreme-value statistics to this problem. Applicatiothefextreme value distribution (without confidence
limits) is discussed in several papers and has alsoduggiested within the Project by Rosen and Glaser
(1996). The basic idea is that for P, the maximum pit depthpit depth measurements made on a
randomly selected cylinder, there is a standaridizat, and k, (depending only on m) such that as m
increases, the statistical distribution gf +al,, x P converges to a particular parametric form knosvtha
extreme value distribution (see, for example, David 1981thoAgh extreme value theory should be
investigated, as yet unresolved statistical issuegtatada quality, outliers, the corrosion-age relatigns
and the choice of the basic corrosion model (endiréct vs direct) need to be resolved before inyastig
whether or how to apply extreme value theory. Notettiedirect model (see below) is nonparametric
(not based on any parametric distribution) and doesegoiire choosingny form of parametric statistical
distribution.

Initial Thickness Models. A stochastic model is used for initial thicknesse the indirect modeling
approach, because of concerns that variability in Irtliiekness could be a critical factor (Rosen and
Glaser 1995). (In the direct approach, variability itiahthickness is modeled as part of the variabdity
the minimum wall thicknesses.) With the exceptiopydinders purchased very recently, there is no way to
know the distributions of initial thicknesses. Tliere the initial thickness distribution is approximated
with a truncated normal distribution (see Johnsonkaid, 1970, p 81.) A truncated normal random
variable has the distribution of a normal random \@ei@onditional on the normal variable being in the
truncated range. The lower end of the truncatiogeastaken as the lower end of the design ranges,
312.5, 615 mils respectively for thin and thick-wall cyéngl and, for ¥2" diameter cylinders, as 490 mils,
that is, ten mils less than the ¥2" nominal thickneghe upper end of the truncation range, as welfias t
mean and standard deviation of the underlying nodis#dibution are determined from maximum wall
thickness data.

With the exception of the data at the head/skirtfate (discussed below), the maximum wall thickness
data consists of wall thickness measurements mattearylinders measured in relatively uncorroded
regions of the cylinder. The data collected scstaggest that the maximum wall thickness at relatively
uncorroded cylinder areas is usually larger than dngéimal design thickness. Note, however, thatefé¢h
is uniform corrosion, then maximum thickness measuresmeauld underestimate the design maximum
thickness.

Probability and Confidence Limits. Estimates of probabilities that cylinders will fadlrious thickness
criteria can be calculated using a convolution of thelggpth and initial-thickness statistical distribution
estimates, which are assumed to be (statisticatigpi@ndent. Confidence limits can be computed using
the same convolution along with confidence boundshieregression parameter estimates. These
calculations are derived in Appendix B.

2.3. The Direct Approach

Direct models were investigated as an alternatitee indirect approach, because of anomalous results
based on the indirect approach, due in part to thevaigability that has been seen in the minimum
thickness and maximum pit depth data. Thickness pimjmcbased on the direct model were first
computed in the 2002 edition of this report (Schmoyerlaod 2002); indirect model projections were
computed in the 2002 edition as well as previous editigfitiough the direct model appears to perform



favorably, a conclusion of the 2002 report is that bothetsaghould continue to be explored. Modeling
results for both the direct and indirect approachesliaoeissed in Section 4.

There are other reasons, besides just data variahilitgxploring alternatives to the indirect approagh.
pre-existing pit holds moisture differently than a umicsurface, for example, and because of the thermal
inertia of the cylinders, literature data for atmamjahcorrosion of steel does not necessarily apply to
cylinder corrosion modeling. Thus, the power law may not apply.

The direct model considered in this report is
M(age)= a x (Initial Thickness Estimate) p(group)x log(age)+ random error, forge> 1, (2.3)

wherea is a model parameter, anf(@roup)” denotes a model parameter, one for eachdeyligroup.

The “ age > 1 ” condition is imposed, because log(esge)bounded and negative for age < 1, and so the
model cannot hold for arbitrarily small ages. Presignanother model would hold, but the point is moot
as far as this report is concerned, because thermdh&ckness measurements for ages less than one yea

According to this modeM(1) = a x (Initial Thickness Estimate) is the mean thickre#sage one year,
which is essentially, though not exactly, the initiatkness. Thus the expression “initial thickness
estimate” is used loosely here. Initial thicknestingates, which are computed from design specification
maximum thickness measurements, and judgment, ar@orebed into the model as predictors, but are
also further refined by fitting the parameterusingminimumthickness measurements. Thus, the direct
model is designed to best fit current minimum thickess and the estimateafs adjusted to improve the
current fit. The indirect model best fits currentgepth. If past storage and handling practices have
improved, then these pit depths projected into the futilréend to be conservative. Becausedhe
parameter estimate is adjusted to fit the data,itbetdnodel’s dependence on initial thickness is les
critical. Previous corrosion trends should not reweh a conservative effect on the direct model
projections, as long as thickness data is collestezh maintenance and storage activities are perébaine
present-day standards.

The cylinder groups for the direct model are the sasnr the indirect model (except that thin-wall
cylinders are not included in the thick-wall group=e Sections 3 and 4). However, unlike the indirect
approach, in which a separate model (with its owndefg and slope) is fit for each group, in the direct
approach considered here, there is one model withategaarameters for each cylinder group. For the
indirect model, the total number of parameters (inalyditandard deviations) is three times the number of
groups, not including additional estimated parametetisa initial thickness distributions. For the direc
model, the total number of parameters is the numbemaig plus two (including one for the standard
deviation).

Having fewer parameters can be either a disadvantage advantage. Models with fewer parameters are
less flexible, but if they fit, less flexibility reducdeetlikelihood that anomalous data will lead to
anomalous modeling results, which is a difficultyhe tndirect approach.

For either the direct or indirect approaches, howloanerror terms and their variances are modeled can
have a critical effect on corrosion projections.g&éless of the mean minimum thickness, if the waga

of the (true) error term is high enough, there willays be cylinders whose minimum thicknesses are
below any of the various thickness criteria. (Tlplees to both the direct and indirect models.) Begaus
in the direct approach, multiple cylinder groups are leahdith one model, high variability in one group
affects projections for all groups. Therefore sevemafs of relating variance to age and consequential

3Steve Pawel, ORNL Corrosion Science & Technologyu@r@ersonal communication.
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regressions weightings were considered for thetinedel (see Section 4). Further, the random éeran
in the direct model is not assumed to be lognormahdact, to have any particular distribution. A
nonparametric method is used instead.

The direct model avoids pit depth estimation, whizdtause of limitations in maximum thickness
estimates, the UT data does not seem to support imefiddition to data variability and thermal ineftia
this may be because the power law model assumes thatgitisie to corrosion, not nicks and cuts and
handling wear typical of many of the fJBylinders, or the interaction between nicks and aatscorrosion
(e.g., through galvanic effects). Another reasoy b&that bottM(age) andP(age) are extremes (i.e., the
minimum thickness and th@aximum pit depth). The rate of change of an extreme (@aximum pit
depth) might not satisfy the same relationship toargeme as the rate for an individual element, begaus
which particular element is an extreme can change.

In the direct model and in the indirect model vtk n < 1, corrosion is assumed to be a concave
increasing function of age. In the indirect motiat corrosion rate idP(agejd(age) =nP(age)/(age) (with

a different parameter for each cylinder group). Thus the corrosion rafeedds on the pit depth. In the
direct model, the corrosion rate idM(agejd(age) =(group)/age, which decreases with age, but does not
depend explicitly on pit depth.

Direct-model estimates of probabilities of failing ieas thickness criteria are based on a nonparametric
analog of usual normal-theory regression prediction @for individual predicted values (Schmoyer
1992). A lower prediction bourd (whether parametric or nonparametric) satisfies Rtol() =y for

some specified confidence leyel Given a method for computigfor a specified, a probabilityy can be
estimated for any specifiéd such as 0, 62.5, or 250 mils. Probability estimates comghitediay are

the endpoint of the direct model approach. A limitaf this approach is that because the nonparametric
confidence bounds are not premised on a continuougdisn, they are not appropriate for valuey of

less than 1/(2(n+1)), where n is the number of obsensiiothe regression used to compute them.
Further details are in Section 4.

For these reasons, and because it seems to fitiyéice miodel was considered as a possible alternitive
the indirect approach.



3. ULTRASONIC THICKNESS DATA

This section summarizes the ultrasonic thickness (pdgsurement data used in the corrosion models.
The previous version of this report (Schmoyer and L3@d2) was based on wall thickness data that had
been collected through FYO1. This report incorporatdgtiadal data collected in FY02. The data
collection is chronicled by fiscal year in Sectiofi,3and in Section 3.2, by subpopulations defined by
cylinder type (thin-wall, thick-wall, ¥2"), whethene data is for the head/skirt interface or the nogiimder
body, top/bottom storage status, etc. Cylinders dea ofioved during their lifetimes, but only one
location is used to represent each cylinder for thpgae of grouping cylinders for modeling. Complete
historical records are usually not available in anted@ic form, and even if they were, using such résor
to incorporate multiple-location histories into thed®ls would be very complicated.

Two main types of data are used in the corrosion lmogde

(1) data for predicting overall minimum wall thicknegspoints not including the head/skirt
interface

(2) data for predicting minimum wall thickness at tlead/skirt interface

In most cases both minimum and maximum wall thickness&sates were measured. The minimum
thickness measurements are plotted in Figures 18-34 in App&n

In past editions of this report, the data from twaabhed cylinders discovered by visual inspection in

FY92 in K-1066-K yard was used in the corrosion modeliggternal corrosion was considered to be the
cause of these breaches. There have been severdira@thehes discovered (two at ETTP in FY92, two at
Portsmouth in FY90, and one at PGDP in FY92), but it wasluded that those breaches were induced by
mechanical damage at the time of stacking ratlaar by external corrosidhand so thickness data for

those other breached cylinders has not been used imditieling.

A reason for possibly excluding the breach data for #wercorrosion-induced breaches from the corrosion
analyses is that those breaches were discovereadiml inspection rather than random sampling.
Therefore, including them would induce a pessimistis.bi& reviewer of the 2002 report expressed
another reason for excluding them—that the breachgesesent a corrosion situation that simply no longer
exists (e.g., corr rate 30 mils/yr), and using data skewed by that to projgciré conditions is technically
inappropriate.® Of course this argument could also be made for aotflieders besides those that have
breached. Much of the cylinder thickness data usethi®report is for cylinders that have had attieas
part of their lifetimes when conditions may have b&emlar to the corrosion situation for the breaches.
Nevertheless, the reviewer’'s comment is addresstis report as follows: In both the direct andriect
approaches, pre-FY98 thin-wall cylinder data is modedghrately. This is the P-scan data plus the two
breaches. Although the P-scan data and the breazladaincluded in the analyses, that data is
deprecated in the interpretation, and the breacheslitide influence on the final conclusions.

For this report, hand-held UT methods (Lykins and@&d997) were used for all wall thickness data
collected in FY98 and later. Except for head/skiwtrifisice data and for the data for the two breached
cylinders, UT measurements from before FY98 were méttiean automated P-scan system (see Schmidt
et al 1996 for a description of the equipment). P-scasunrements were made during FY94 at K-1066-K
yard at ETTP, in the fall of 1995 at PGDP, between MarthSeptember 1996 at both Portsmouth and

* These breaches were caused by a lifting lug of an adjagknder that induced a small crack near a
stiffening ring (Barber et al, 1994).

*Steve Pawel, ORNL Corrosion Science & Technologyu@r@ersonal communication..
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PGDP (as part of cylinder relocation efforts), andry FY97 primarily at Portsmouth. The P-scan wall
thickness data consists of measurements made éuraaesregion of width and height about 2.54 mm

(0.1 in). Wall thickness data used to estimate titialithickness consisted of either P-scan datkcald

near where the maximum-depth pit occurred (with a wadith height of approximately the same size as the
for the pit data), or was collected using a hand-petibe for a circular region with a radius of about 2 mm
(0.08 in).

3.1. Data Collection by Fiscal Year

In this section data collections are discussedderoof the fiscal year they were performed. Tableb 1a
are inventories of the data organized this way.

FY92. (See Table 1a.) This data consists of the two hegbcylinders discovered in FY92 in K-1066-K
yard, for which it was deemed that external cormosias the cause of the breach. The breached cylinders
are classified with other pre-FY98 (P-scan) dataear#gression analyses performed with this data end a
also excluded as outliers in several of the analySestipon 4).

FY94. (See Table 1a.) Between December 1993 and May 1994, inlldébss measurements were made
for 136 cylinders in K-1066-K yard (Philpot 1995) using an autethacanner. It was intended that the
cylinders selected for measurement should be chogam@am, though a random number generator was
not used to select them, and there were limitaiiop®sed by the automated scanner (e.g., length of power
cord, clearance between adjacent cylinders). Fsetheasons, the cylinders selected are not a truly
random sample from the population, though they may emalaandom sample. For the first 21 cylinders
evaluated, only minimum wall thickness data was @E@drwhile maximum thicknesses were also recorded
for the remaining 115 cylinders. There were also gurestbout the accuracy of the wall thickness data
for the first group of cylinders. Further, since maximthickness data was not recorded for the first 21
cylinders, maximum pit depths could not be used for tbg@s®lers, and they are not included in either the
direct or indirect-model analyses in this repornlyQhe last 115 cylinders are indicated in Table 1a.

Because of accuracy limits in the equipment used teatdhis data, only increments of 5 mils were
recorded for pit depth. As a result, there are skugliaders with the same pit depth measurement, and
which, due to data overlaying, appear to be absentts pidhis data (e.g., Figure 1 in Appendix A).

FY95. (See Table 1a.) During FY95, data was collected fortHi@wvall cylinders at PGDP using the
automated P-scanner (Blue 1995). The primary purpose daftbis was to assess “the condition of the
more vulnerable portion” of the cylinder population atHRG(Blue 1995). The cylinders were selected
from various yards on the basis of judgement and thusticonstitute a random sample, though they may
emulate one.

FY96. (See Table 1b.) During FY96, over 800 cylinders were medwith the P-scanner at Portsmouth
and PGDP. Both thin-wall and thick-wall cylindevere measured. At Portsmouth, 10% of the cylinders
that were being relocated were selected using a mandmber generator. The 10% evaluation criterion
was required by a Consent Decree with the Ohio Emwiemtal Protection Agency. Most of the cylinders
measured at PGDP were from the old C-745-G yard anbderdset aside as part of relocation efforts
performed during FY95 and FY96. They were a subset @pgheoximately 390 cylinders set aside from
the first 3,900 cylinders moved out of that yard. (Beesof the selection process, these cylinders are a
systematic sample only from the first 3,900 cylindersedmut of G yard.) A few additional cylinders
from both C-745-F and C-745-K yard were also measuredsakection, mainly on the basis of ease of
accessibility with equipment.
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FY97. (See Table 1c.) During FY97, both head/skirt intertamt overall minimum wall thickness UT
measurements were made, nearly all at Portsmouthmasidfor the head/skirt interface area. Head/skir
measurements were made for 115 thick-wall and 232 thineyladders. The head/skirt measurements
were made using manual UT procedures; the overalideylinpody measurements were by P-scanning.
(FY97 marks the end of P-scan data used for this rgpdhe cylinders measured at Portsmouth, which
had originally been systematically set aside asgfdthe 10% criterion, were randomly selected fronsého
cylinders moved during the year. Originally, it vagjgested that approximately 250 cylinders should be
measured (Lykins 1996). However, budget constraints edlamly 87 P-scan evaluations. Three P-scan
evaluations of thin-wall cylinders were also mad@atlucah. These cylinders were located in the north
end of the C-745-F yard when they were measured.

FY98. (See Table 1d.) Four populations were sampled in FY88gththe data for only three of the
samples is used for this report. The first sampleistaasof 40 thin-wall cylinders randomly selectedriro
K-1066-K yard at ETTP. These cylinders were chosen figopulation of 400 cylinders that were
moved to K-1066-E yard during FY98. The second sampléstedf 200 thin-wall cylinders randomly
selected from Paducah yards. The Paducah data prasestative only of relatively uncorroded locations
on each cylinder and therefore is not used for oheténg either minimum wall thickness or wall lossida

is not indicated in Table 1d. The Paducah cylindenewemeasured in FY99 to determine estimates of the
thinnest locations on each cylinder). The thinohgle consisted of 142 thin-wall and 2 thick-wall cylirgle
in Portsmouth X-745-C and E yards. Some of the Pouneylinders were also measured in FY96.
Finally, 13 30A (*2" thick) cylinders were measured at$toouth. All of these UT measurements were
manual.

FY99. (See Table 1e.) There were four sampling efforEsyia9, all using manual UT measurements.
One effort consisted of 30 thin-wall cylinders randioselected from ETTP K-1066-K yard. The
cylinders were from a subpopulation of 155 cylinders tbatdcbe measured without cylinder movement.
All but one of these cylinders was chosen randomily) the additional one selected by field personnel
because of its history of ground/water contact. Hoersd effort was an evaluation of 199 thin-wall
cylinders at Paducah (originally slated for measungiineFY98). In the third effort, which was conducted
at Portsmouth, measurements were made of 90 thin-watlyiftlers. The fourth effort consisted of
measurements of 100 model 30A cylinders from a populatidrB8ab at Paducah

FY2000. (See Table 1f.) Additional data for FY2000 included makliadata for 58 thin-wall cylinders
from K-1066-K yard at ETTP, 101 thin-wall cylinders at Beah, and 129 thin-wall and 23 thick-wall
cylinders at Portsmouth. At ETTP, the UT proceduvelired making nine measurements along the
bottom and top (six and twelve o’clock) lines of th@ntlers. At PGDP nine measurements were made at
various locations. At Portsmouth fourteen measuremegits made at approximately equally spaced
points on the cylinder ends and bodies, a five amtditimeasurements were made in the areas considered
have the worst corrosion. Head-skirt measuremeatts also made at Portsmouth for the 23 thick-wall
cylinders and for 97 of the thin-wall and cylinde®n each of these cylinders, five measurements were
made at the head/skirt interface. Some of thesRauith cylinders had also been measured previously.

FY01. (See Table 1g.) FYO1 UT measurements at ETTP were fmiadé cylinders in K-1066-E yard
and 76 cylinders in K-1066-K yard. At Paducah, 301 48" thithayéinders were measured from (present
or former) B, C, F, and K yards, and 99 30A cylindeosif A and D yards were measured. At ETTP, the
UT procedure involved making four measurement coresidier be of the original thickness and five or six
additional measurements. The PGDP cylinders werglsdmsing a random number generator, and the
locations of the measurements on the cylinders a@fer ETTP. At Portsmouth, 139 thin-wall cylinders
and 14 thick-wall cylinders were measured, all frori46-E yard. Head-skirt measurements were also
made at Portsmouth for 14 thick-wall cylinders andd@rthin-wall cylinders. Locations on the cylinders
of the Portsmouth measurements were as in FY2000. Sdimeortsmouth cylinders had been
measured before.
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Table 1a. Cylinder Thickness Data Chronology: Data Collected FY92-95

Year

Measured Site

Thick-

Skirt

Current
ness Data? Method T/B

Number Current
Measured Yard Subgroups

1992

1994

1995

ETTP  Thin
ETTP  Thin
PGDP Thin

No

No

No

Visual

P-Scan

P-Scan

B

B

B

2

41
49

58
66

16
13

11

49

14
19

A ©

51

K

4 rxXoOommo

4 rxXOmo

All

2 from K bottom

3 from K bottom
37 from K bottom
40 from K bottom

3 from K bottom

3 from K bottom
6 from K bottom

6 from old F bottom
7 from old G bottom
1 from old F bottom

7 from old F bottom, 7 from old G bottom

4 from old F bottom
9 from old G bottom

2 from old G bottom

4 from old F bottom, 11 from old G bottom
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Table 1b. Cylinder Thickness Data Chronology: Data Collected FY96

Thick— Skirt Current Number of Current
Site  ness Data? Method T/B  Cylinders Yard Subgroups
PGDP Thin N P-Scan B 18 F 5 from old G bottom
49 G 1 from old F bottom, 11 from old G bottom
37 K 10 from old G bottom
4 L
3 S 2 from old G bottom
27 T 20 from old G bottom
138 All 1 from old F bottom, 48 from old G bottom
T 19 F 6 from old G bottom
33 G 10 from old G bottom
36 K 1 from old F bottom, 12 from old G bottom
2 L
4 S
17 T 14 from old G bottom
111 All 1 from old F bottom, 42 from old G bottom
PORTS Thick N P-Scan B 1 C
60 E 60 from E
61 All 60 from E
T 54 E 54 from E
Thin N P-Scan B 239 E 239 from E
T 1 C
232 E 232 from E
233 All 232 from E
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Table 1c. Cylinder Thickness Data Chronology: Data Collected FY97

Thick— Skirt Current Number of Current
Site  ness Data? Method T/B  Cylinders Yard Subgroups
PGDP Thin N P-Scan B 3 G 2 from old G bottom
PORTS Thick Y Manual UT B 29 E 29 from E
T 85 E 85 from E
Thin N P-Scan B 40 E 40 from E
T 47 E 47 from E
Y Manual UT B 113 E 113 from E
T 117 E 117 from E
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Table 1d. Cylinder Thickness Data Chronology: Data Collected FY98

Thick— Skirt Current Number of Current
Site  ness Data? Method T/B  Cylinders Yard Subgroups

ETTP Thin N  Manual UT B 21 E 9 from K bottom
T 19 E 8 from K bottom
PORTS 1/2" N  Manual UT B 12 E 12 from E
Thick N  Manual UT B 1 E 1 from E
T 1 E 1 from E
Thin N  Manual UT B 63 C
5 E 5 from E
68 All 5 from E
T 57 C
4 E 4 from E

61 All 4 from E
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Table le. Cylinder Thickness Data Chronology: Data Collected FY99

Thick— Skirt Current Number of Current
Site  ness Data? Method T/B Cylinders Yard Subgroups
ETTP Thin N  Manual UT B 10 E 8 from K bottom
5 K 3 from K bottom
15 All 11 from K bottom
T 9 E 2 from K bottom
6 K 3 from K bottom
15 All 5 from K bottom
PGDP 1/2" N  Manual UT B 50 T
T 50 T
Thin N  Manual UT B 5 C
7 F 1 from old G bottom
35 G 5 from old F bottom, 15 from old G bottom
8 K 3 from old F bottom
16 L
2 M 1 from old G bottom
36 T 21 from old G bottom
109 All 8 from old F bottom, 38 from old G bottom
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Table 1le—cont'd. Cylinder Thickness Data Chronology: Data Collected FY99

Thick— Skirt Current Number of Current
Site ness Data? Method T/B  Cylinders

Yard Subgroups

PGDP Thin N  Manual UT T 4

PORTS Thin N  Manual UT B 53

T 88

U Zr X0 TO0

All

11 from old F bottom
2 from old F bottom, 21 from old G bottom

1 from old G bottom
18 from old G bottom
13 from old F bottom, 40 from old G bottom

53 from E

88 from E
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Table 1f. Cylinder Thickness Data Chronology: Data Collected FY2000

Thick— Skirt Current Number of Current

Site  ness Data? Method T/B Cylinders Yard Subgroups

ETTP  Thin N  Manual UT B 6 E 5 from K bottom
25 K 20 from K bottom
31 All 25 from K bottom

T 4 E

23 K 9 from K bottom
27 All 9 from K bottom

PGDP Thin N  Manual UT B 1 D
8 F 3 from old F bottom, 1 from old G bottom
32 G 20 from old G bottom
3 K 1 from old F bottom, 1 from old G bottom
4 L
2 M 1 from old F bottom, 1 from old G bottom
1 N
1 T 1 from old G bottom
52 All 5 from old F bottom, 24 from old G bottom

T 1 D

7 F 6 from old F bottom
33 G 2 from old F bottom, 15 from old G bottom
2 K 1 from old F bottom, 1 from old G bottom
2 L
2 M 1 from old F bottom
2 N
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Table 1f-cont'd. Cylinder Thickness Data Chronology: Data Collected FY2000

Thick— Skirt Current Number of Current
Site  ness Data? Method T/B Cylinders Yard Subgroups
PGDP Thin N  Manual UT T 49 All 10 from old F bottom, 16 from old G bottom
PORTS Thick N  Manual UT B 8 E 8 from E
T 15 E 15 from E
Y Manual UT B 8 E 8 from E
T 15 E 15 from E
Thin N  Manual UT B 10 C
45 E 45 from E
55 All 45 from E
T 15 C
59 E 59 from E
74 All 59 from E
Y Manual UT B 39 E 39 from E
T 48 E 48 from E




Table 1g. Cylinder Thickness Data Chronology: Data Collected FY01

Thick— Skirt Current Number of Current
Site  ness Data? Method T/B  Cylinders Yard Subgroups

TZ

ETTP Thin N  Manual UT B 21 E 11 from K bottom
76 K 53 from K bottom
97 All 64 from K bottom
T 3 E 2 from K bottom
PGDP 1/2" N  Manual UT B 2 D
49 T
51 All
T 48 T
Thin N  Manual UT B 102 C
28 F 5 from old F bottom
7 G 6 from old F bottom
2 K 1 from old F bottom
1 M 1 from old F bottom
1 S 1 from old F bottom
1 T 1 from old F bottom
142 All 15 from old F bottom
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Table 1g—cont’'d. Cylinder Thickness Data Chronology: Data Collected FYO1

Thick— Skirt Current Number of Current
Site  ness Data? Method T/B  Cylinders Yard Subgroups

PGDP Thin N  Manual UT T 99 C
45 F 42 from old F bottom
5 G 4 from old F bottom
4 K 3 from old F bottom
2 L
2 S 2 from old F bottom
2 T 2 from old F bottom
159 All 53 from old F bottom
PORTS Thick N  Manual UT B 6 E 6 from E
T 8 E 8 from E
Y Manual UT B 6 E 6 from E
T 8 E 8 from E
Thin N  Manual UT B 58 E 58 from E
T 81 E 81 from E
Y Manual UT B 49 E 49 from E

T 50 E 50 from E




Table 1h. Cylinder Thickness Data Chronology: Data Collected FY02

Thick— Skirt Current Number of Current
Site  ness Data? Method T/B Cylinders Yard Subgroups

€e

ETTP Thin N  Manual UT B 43 E 29 from K bottom
53 K 28 from K bottom
96 All 57 from K bottom
T 7 E 3 from K bottom
PGDP 1/2" N  Manual UT B 14 T
T 11 T
Thin N  Manual UT B 3 D 3 from old F bottom
11 F 1 from old F bottom, 1 from old G bottom
24 G 5 from old F bottom, 8 from old G bottom
3 K
4 L
2 T
47 All 9 from old F bottom, 9 from old G bottom
T 2 C
4 F 1 from old F bottom
17 G 2 from old F bottom, 6 from old G bottom
7 K

30 All 3 from old F bottom, 6 from old G bottom
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Table 1h—cont'd. Cylinder Thickness Data Chronology: Data Collected FY02

Thick— Skirt Current Number of Current
Site  ness Data? Method T/B  Cylinders Yard Subgroups

PORTS Thick N Manual UT B 18 E 18 from E
T 18 E 18 from E

Y Manual UT B 18 E 18 from E

T 18 E 18 from E

Thin N Manual UT B 54 E 54 from E

T 63 E 63 from E

Y Manual UT B 33 E 33 from E

T 42 E 42 from E




FY02. (See Table 1h.) FY02 UT measurements were made for 1@4id&Vall cylinders sampled at
ETTP. At PGDP, 77 thin-wall cylinders and 25 30A cylirsdeere sampled and measured. At
Portsmouth, 117 thin-wall and 36 thick-wall were measuidte ETTP and PGDP measurements were
located on the cylinders as in FYO1. Head-skirt mesments were also made at Portsmouth for the 36
thick-wall cylinders and for 75 of the thin-wall aytlers. Locations on the cylinders of the Portsmouth
measurements were as in FY2000.

3.2. Summary of Data by Subpopulation

As in Section 3.1, this section also summarizes UTsorement data. However, in this section the data is
classified by subpopulation (i.e., cylinder group) rathantby year of data collection. The
subpopulations, after a few refinements discussed io8ettare ultimately used in the corrosion
regression models. They are defined on the basisofvledge about future storage conditions, experience
with cylinder storage, consideration of the amodrihickness data that has been collected, and desisi
about what classification would be most useful. Tables &#-the subpopulations along with total
population counts and counts by fiscal year of the tegskmeasurements.

Tables 2a-c are for cylinder subpopulations at ETTP, P@GD&® PORTS, respectively, for which one or
more wall-thickness measurements have been madee Zélbikts other cylinder subpopulations for which
no wall-thickness measurements have been made. &jectmns about numbers of cylinders that will fail
the various thickness criteria, these subpopulationgratged with subpopulations that do have data and
are thus used to fit the indirect or direct corrosimdels. Total population counts are also listeden th
tables for cylinders of known age and for cylindeos painted in the last ten years, which are corsitiat
risk in the cylinder corrosion models. (Cylindpainted in the last ten years are assumed to be riekat
Cylinders of unknown age cannot be used in the (agedb&orrosion models. Thus projections of
numbers of cylinders failing various thickness crétaie ultimately based on population counts for
unpainted cylinders of known age.

It is often useful to focus on worst cases. Estimaftesrrosion performance for worst-case cylinder
groups are lower bounds for the performance expectedditoen cylinders. Bottom-row storage

conditions are generally worse than top. Varioumdgl yards, such as the former (unrefurbished) G-yard
at Paducah, are generally considered to be worstyaade. K-yard is considered worst at ETTP, and E-
yard is considered worst at Portsmouth, though ikgueobably less of a difference between yards at
Portsmouth than at the other site$he worst cases are used in defining the claasiics for thin-wall
cylinders.

Most of the wall-thickness data available for tld@part is for thin-wall cylinders (as opposed to thicdd

or ¥2" nominal thickness) cylinders. Also, mostla# wall-thickness data is for wall areas on tHendgr
body as opposed to the head/skirt interface. Sorae theugh considerably less, is available for ¥2" and
thick-wall cylinders and for the head/skirt interéearea. Therefore, although statistics for %2"tard-

wall cylinders and the head/skirt interface areatapken down by site in Tables 2a-d, single classeslfo
three sites are used for this data in the corrasinteling. These cylinders are classified by top/ibotto
status in the corrosion models, however, except thick-wall head/skirt data, which is combined even
for the top and bottom cylinders.

For thin-wall cylinders, PGDP former G-yard bottono(st case) cylinders are taken as a separate class,
as are ETTP K-yard bottom cylinders. PGDP bottomtomswall cylinders not from former G-yard are
then taken as a separate class (not worst-casae &GDP top-row thin-wall cylinders. Because oftim
on data availability, all (both top and bottom) ETTRtwall cylinders other than K-yard bottom cylinders

®Roger McDermott, Theta Technologies, Inc., personansonication.
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are taken as a separate class. Also because ofdimitata availability, Portsmouth thin-wall cylinders
are classified by top/bottom status only, not by yaiith lottom cylinders representing the worst-case.

The best way to classify cylinder can change owee.ti Previously all ETTP cylinders were classed
together. With additional data available for thagien of the report, ETTP, K-yard bottom cylinders
(considered to represent the worst-case) are traatadseparate class. Former F-yard at PGDP is
considered to represent the second-worst case aPP@Rt to former G-yartland former F-yard
cylinders may be separately classified in a futureceddf this report. For now, however, there dods no
seem to be sufficient data to warrant modeling F geghrately.

Cylinders at Portsmouth are stored in one of twdya€-yard and E-yard. Although C-yard has more
cylinders, most of the Portsmouth wall thicknesadafor cylinders from E-yard, which is considetied
worst case. Therefore, C and E-yard thin-wallnddrs are classified separately in Tables 2c and 2d, but
for the corrosion and wall-thickness modeling, @ &ryard cylinders are grouped together, and only the
top/bottom status is used to classify Portsmouth thiheyknders.

The location of a cylinder—its site and yard—andatgbottom status can change over the cylinder’s
lifetime. Complete location histories of cylinden® not generally available in the CID or in anyeoth
electronic format, and even if the histories werailable, incorporating them into a corrosion modeuid

be complicated and difficult. For many cylinders,rewdnen former locations are recorded, the
corresponding old top/bottom status is not. Thus saressyvork and approximations are used in
classifying cylinders on the basis of their locatidstories. In this report, the “location” of a iogler will
refer in theory to where the cylinder was storedjést, but because the longest-storage locations tare no
determinable exactly for every cylinder, “locationillin practice be a best guess of where a cylinder was
stored longest. Sometimes current top/bottom statusesubstituted for missing former top/bottom
statuses. Thus, the cylinder classification usethisrreport is a rough approximation to a more ideal
classification.

For the data in this report, except for head/skidrface data, all UT measurements made before FY98
were by P-scanning and all UT measurements in FY98asedwere by manual UT scans. All of the
head/skirt measurements were made by manual UT selmvgever, P-scan and manual UT measurements
seem to differ systematically (see Section 4, TableB&cause the P-scan measurements were all made
before any of the manual UT measurements, the systetifédérence would tend to skew corrosion trend
estimates, if the data were combined into a singtemeacted analysis. Therefore, the P-scan (pre-FY98)
and manual UT data are treated as coming from sepstitstical distributions (except, as described
below, for thick-wall cylinders), even though the uglag cylinder groups are the same. For example, P-
scan data for ETTP thin-wall cylinders and manualddia for ETTP thin-wall cylinders are modeled as
separate groups. The cylinder thickness data isedivitto pre-FY98 and FY98 and later groups, and, for
the manual UT data, further divided by site, yard, tapdoottom status.

In previous editions of this report, for PGDP cylirgjdP-scan data was grouped along with manual UT
data. A partial rationale for combining the P-scad manual UT PGDP data was that much of the PGDP
P-scan data (namely the FY96 data) was adjusted bygatiflimils to the measured maximum pit depths
(see Lyon 2000, p 17). On the other hand, the ETTP ddike # shows that minimum wall thickness are
actuallyunder -estimated by the P-scan method (by 50 mils, on aveegagidhus the pit depths themselves
are over-estimated. An analysis of Portsmouth dglie measured in FY96 and again in FY98-01 leads to
similar conclusions. So the correction for the PG®BEcan data to make it more like manual UT data may

"The top and bottom rows of PGDP F yard were interctahimg€Y92 when all bottom row cylinder
chocks were replaced, concrete chocks replacing wooch feacwas also relocated south one row. It is likely
that some of these bottom row cylinders were in imetatact for extended periods of time, although non@aang
and conditions in the F-yard are considered to have lbetter than G-yard conditions.
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actually be in the wrong direction. In any case tliis report, PGDP P-scan data is also grouped
separately in the corrosion modeling.

None of the ¥2" (30" dia.) cylinder scans were don@{sganning. However, a substantial portion of the
thick-wall cylinder measurements were made in FY964sgdhning. Furthermore, there is not sufficient
thick-wall data to model the P-scan and manual Udisueements separately. So, for thick-wall cylinders,
the P-scan and manual UT data is combined, as inopieversions of this report.

Over the last few years, manual UT data has becomemuaerant in the database. Furthermore, sampling
methods in the earlier years were generally mucleporposive (e.g., to deliberately examine suspect
cylinders). Subsequent sampling tended to be moremandbus the P-scan data is incorporated into the
corrosion modeling, but as separate data classespantlisions from the P-scan data are deprecated in
the interpretation, just as the P-scan method iteafbeen deprecated in the cylinder monitoring.

ETTP Thin-Wall Cylinders. There are 4,721 thin-wall cylinders at ETTP. Of¢%®936 have not been
painted in the last ten years and are of known aggimg (in 2003) from 11 to 47 years. The bottom-rows
of K-yard (K-1066-K yard) are considered to represenstcase storage conditions at ETTP. A large
portion of K-yard cylinders were previously storedjiound contact at K-1066-G yard, starting about
1966. They were relocated to K-yard in 1983 (Barber ét94), where they are stored either in top or
bottom rows. According to CID records (as of June 20D5)12 ETTP cylinders are classified as having
spent the substantial part of their lifetimes at K-ylaottom. (Of these, 1,270 are currently stored in top
rows, and 242 are currently stored in bottom rows.h®fl,512, 1,167 are unpainted and of known age.
There are 2,870 (1,190 bottom and 1,889 top) other currently ueghaiyiinders at ETTP, of which 2,869
are of known age. Table 2a inventories the P-scdmemual UT cylinder thickness data available for
ETTP.

Paducah Thin-Wall Cylinders. According to the CID, there are 35,599 thin-wall cyliredat Paducah of
which 32,213 are of known age and have not been paintkd last ten years. The ages range from 4 to
47 years. The following three populations of Paducatvtiaill cylinders were defined for the purpose of
corrosion modeling: (1) PGDP G-yard (i.e., C-745-G ydbdttom-row, thin-wall cylinders, (2) all other
PGDP bottom-row, thin-wall cylinders, and (3) all P&Qop-row, thin-wall cylinders (including G yard
cylinders). All three populations are combined forghepose of modeling with the P-scan data. The
subpopulation of cylinders classified as coming froma@lyactually consists of those cylinders that were
originally in C-745-G yard prior to construction of thew yard. A painting program was initiated for
cylinders moved from C-745-G to C-745-S yard in FY96. 21168 cylinders in C-745-S were painted
during FY96-97. There are currently 3,907 cylinder claskiifrom former G-yard bottom, but only
1,983 are unpainted (all of known age). Of these 1,983, 1,@4aueently stored in bottom rows, and
936 are currently stored in top rows. There are 16,809 @tbenot from former G-yard) bottom-row
cylinders at Paducah, of which 15,334 are unpainted akmbefn age. There are 15,603 top-row
cylinders, of which 14,896 are unpainted and of known dgdle 2b inventories the thin-wall cylinder
thickness data available for PGDP cylinders.

Portsmouth Thin-Wall Cylinders. According to the CID, there are 17,269 thin-wall ayéirs at
Portsmouth, all but four of which are of known age laaae not been painted in the last ten years. The
ages range from 7 to 47 years. The CID classifiessiouth cylinders as coming from two yards, either
C or E. Cylinders in both yards are stacked intieis. Prior to FY96, there were four cylinder yaatis
Portsmouth, designated as X-745-A, X-745-C, X-745-E, and X-74%He X-745-A and X-745-C yards
were essentially the same yard, C-yard, but were aeghinto different sections.
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Table 2a. ETTP Cylinder Population and Thickness Data Inventory

Min  Mean Max
Skirt Current Pop. Unpainted, Age Age Age FY Number Current
Thickness Data? T/B  Subgroups Count Unpainted Age Known (2003) (2003) (2003) Measured Measured Yards

8¢

Thin No B - 1,320 1,191 1,190 11 31.3 47 1994 9 E, K
1998 12 E
1999 4 E, K
2000 6 E, K
2001 33 E, K
2002 39 E, K
K-bottom 1,270 1,034 1,034 12 42.0 47 1992 2 K
1994 40 E, K
1998 9 E
1999 11 E, K
2000 25 E, K
2001 64 E, K
2002 57 E, K
T - 1,889 1,679 1,679 21 354 47 1994 60 E, K
1998 11 E
1999 10 E, K
2000 18 E, K
2001 1 E
2002 4 E
K-bottom 242 133 133 40 45.1 46 1994 6 E, K
1998 8 E
1999 5 E, K
2000 9 K
2001 2 E
2002 3 E




Table 2b. PGDP Cylinder Population and Thickness Data Inventory

Min Mean Max

Skirt Current Pop. Unpainted, Age Age Age FY Number Current
Thickness Data? T/B  Subgroups Count Unpainted Age Known (2003) (2003) (2003) Measured Measured Yards
1/2" No B - 926 926 926 49 49.0 49 1999 50 T
2001 51 T,D
2002 14 T
T - 899 899 899 49 49.0 49 1999 50 T
2001 48 T
2002 11 T
Thin No B - 16,089 15,347 15,334 4 20.5 47 1995 42 K, T,C,F,G L M
1996 90 K, T,F,G, L, S
1997 1 G
N 1999 71 K,T,C,F,G, L, M
2000 28 K,D,F,G,L,M,N
2001 142 K, T,C,F,G,M, S
2002 38 K, T,D,F, G, L
Old G-Btm. 2,016 1,047 1,047 11 362 44 1995 7 G
1996 48 K,T,F,G,S
1997 2 G
1999 38 T,F G M
2000 24 K, T,F,G,M
2002 9 F,G
T - 15,603 14,901 14,896 4 21.0 47 1995 40 K, T,C,F,G, L, M
1996 69 K, T,F,G, L, S
1999 50 K, T,C,F,G,L N,P
2000 33 K,D,F,G,L,M,N
2001 159 K, T,C,F,G,L,S
2002 24 K,C,F,G
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Table 2b—cont'd. PGDP Cylinder Population and Thickness Data Inventory

Min  Mean Max
Skirt Current Pop. Unpainted, Age Age Age FY

Number

Current

Thickness Data? T/B  Subgroups Count Unpainted Age Known (2003) (2003) (2003) Measured Measured Yards

Thin No T Old G-Btm. 1,891 936 936 12 384 44 1995
1996
1999
2000
2002

11
42
40
16
6

G, M

K, T,F,G
T,G, S
K, G

G




Table 2c. Portsmouth Cylinder Population and Thickness Data Inventory

Min  Mean Max
Skirt Current Pop. Unpainted, Age Age Age FY Number Current
Thickness Data? T/B  Subgroups Count Unpainted Age Known (2003) (2003) (2003) Measured Measured Yards

T€

1/2" No B E 252 252 252 3 48.6 49 1998 12 E
Thick No B - 2 2 1 49 49.0 49 1996 1 C
E 648 648 648 23 49.3 52 1996 60 E

1998 1 E

2000 8 E

2001 6 E

2002 18 E

T E 615 615 615 23 49.3 52 1996 54 E

1998 1 E

2000 15 E

2001 8 E

2002 18 E

Yes B E 648 648 648 23 493 52 1997 29 E

2000 8 E

2001 6 E

2002 18 E

T E 615 615 615 23 493 52 1997 85 E

2000 15 E

2001 8 E

2002 18 E

Thin No B - 7,345 7,345 7,342 7 189 44 1998 63 C
2000 10 C




Table 2c—cont’d. Portsmouth Cylinder Population and Thickness Data Inventory

Min Mean Max
Skirt Current Pop. Unpainted, Age Age Age FY Number Current
Thickness Data? T/B  Subgroups Count Unpainted Age Known (2003) (2003) (2003) Measured Measured Yards

ce

Thin No B E 1,423 1,423 1,423 13 39.9 47 1996 239 E
1997 40 E

1998 5 E

1999 53 E

2000 45 E

2001 58 E

2002 54 E

T - 7,118 7,118 7,117 7 190 41 1996 1 C
1998 57 C

2000 15 C

E 1,383 1,383 1,383 13 41.2 47 1996 232 E

1997 a7 E

1998 4 E

1999 88 E

2000 59 E

2001 81 E

2002 63 E

Yes B E 1,063 1,063 1,063 46 46.1 47 1997 113 E
2000 39 E

2001 49 E

2002 33 E

T E 1,063 1,063 1,063 46 46.1 47 1997 117 E
2000 48 E

2001 50 E

2002 42 E




Table 2d. Site—Specific Cylinder Groupings Without Thickness Data

Min  Mean Max
Skirt Current Paop. Unpainted, Age Age Age
Site  Thickness Data? T/B  Subgroups Count Unpainted Age Known (2003) (2003) (2003)

€e

ETTP 1/2" No B - 387 387 346 49 49 49
T - 339 339 291 49 49 49

Thick No B - 189 189 187 41 48 52

T - 204 204 204 41 49 52

Yes B - 189 189 187 41 48 52

T - 204 204 204 41 49 52

Thin Yes B - 330 203 202 21 45 a7

K-bottom 514 279 279 46 46 47

T - 430 220 220 24 46 47

K-bottom 219 110 110 46 46 46

PGDP Thick No B - 223 223 214 10 42 52
T - 143 143 132 10 38 52

Yes B - 223 223 214 10 42 52

T - 143 143 132 10 38 52

Thin Yes B - 344 344 342 17 45 47

T - 317 317 316 22 45 a7

PORTS 1/2" No B - 81 81 80 3 48 49
T - 78 78 77 3 48 49

E 1 1 1 49 49 49

Thick Yes B - 2 2 1 49 49 49

Thin Yes B - 598 598 598 21 23 24

T - 575 575 575 21 23 24




Cylinders at Portsmouth were moved from single riwege to a two-tiered arrangement around 1976.
Prior to that, there were no top row cylinders at$toouth. Thus, current “top” row cylinders at
Portsmouth have been in the top row for at most about 20@3-1976) years. The X-745-E yard, which
had been a compacted gravel area, was reconstructeg Bi¥95-96 to a reinforced concrete yard. In
FY96, 5,708 cylinders were relocated to meet new stoegggrements.

In FY96, wall thickness UT measurements were made ondf@he cylinders that were relocated. The
sampled cylinders were selected using a random nureberajor. The 10% evaluation criterion was
required according to the Consent Decree with the ©hvironmental Protection Agency. These

cylinders, as well as other cylinders with handlimgtorage damage, were evaluated using the automated
scanner P-scan system and hand-held measuremeheattiskirt areas. During subsequent years many of
these same cylinders were remeasured. Many of¢hsumements are thus duplicates—measurements
made on the same cylinders during multiple FY’s. hese cases, only the most recent measurements were
used in the corrosion modeling, which, because dkttat independence requirements, assumes that all
UT measurements on any given cylinder were madsesanéally the same time.

E-yard cylinders at Portsmouth are, on the wholgidrse shape than C-yard cylinders. However, because
most of the Portsmouth UT data is for E-yard cylisdall (E and C-yard) thin-wall, top-row cylindexse
treated as one group, and all thin-wall, bottom-rolindgrs are treated as one group in the regression
modeling (Section 4). The bottom-row cylinders thegresent the worst-case (of two for thin-wall
cylinders) at Portsmouth. There are 8,765 unpaintedkramyen, bottom-row cylinders, and 8,500
unpainted, age-known, top-row cylinders. P-scan aagliad UT measurement data for these populations
are inventoried in Table 2c.

Thick-Wall Cylinders. There are 2,023 thick-wall cylinders (nominal waitkhess 625 mils) at the three
sites: 1,264 at Portsmouth, 366 at PGDP, and 393 at ETTRhiddavall cylinders are designated in the
CID as painted. The ages of two cylinders at ETmé 20 at PGDP are unknown; otherwise the ages are
known. The age ranges for thick-wall cylinders 2Be52 years at PORTS, 10-52 years at PGDP, and 41-
52 years at ETTP. Of the thick-wall cylinders theg ef known age (and unpainted), 951 are top-row
cylinders and 1,051 are bottom-row cylinders. The bettmmcylinders are the “worst case,” though with
thicker walls, corrosion problems are less of a foskhese cylinders than for thin-wall cylinders.

Virtually all UT measurements of thick-wall cylinddnave been made at Portsmouth (see Table 2c).
During FY96, 115 thick-wall cylinders were measured wiih P-scanner as part of cylinder relocation
efforts. Those cylinders were selected becausesef@aaccessibility (Lykins and Pawel 1997). Because
of limitations on the total number of measurementis,Rhscan data is combined with later manual UT
measurements for thick-wall cylinders.

Thin-Wall Skirted Cylinders. The CID lists 5,453 thin-wall cylinders as havingtski3,299 at PORTS,
1,493 at ETTP, and 661 at PGDP. Of the 5,453, 4,768 are unpaidtetikamown age: all of the
cylinders at Portsmouth, 811 at ETTP, and 658 at PGDI.adés of these skirted cylinders range from
17 to 47 years. Of the 4,768 cylinders that are unpaintedfadmown age, 2,484 are stored in bottom
rows and 2,284 are in top rows. In the corrosion maoldete cylinders are divided only by the top/bottom
status, with the bottom cylinders assumed to représentorst case.

Because of a combination of extended times of wetnadslifferential aeration (Lykins and Pawel 1997),
there is a concern about the possibility of acceleredetbsion in the head/skirt interface crevice.older

to comply with the Ohio EPA Director’s Findings a@dders for Portsmouth cylinder movements
performed in FY96, wall thickness measurements at ipotth were made during FY97 at the head/skirt
interface of 230 thin-wall cylinders. Many of thes#inders were also measured again during subsequent
years. The head/skirt UT data for thin-wall cyénslis inventoried in Table 2c.
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Thick-Wall Skirted Cylinders. All of the 2,023 thick-wall cylinders discussed abore skirted. As with
the thin-wall skirted cylinders, concerns about csio vulnerability at the head/skirt interface alpplg,
though to a lesser extent, to thick-wall cylindefs part of the compliance with the Ohio EPA Director’
Findings and Orders for cylinder movements performdely96, wall thickness measurements at
Portsmouth were made during FY97 at the head/skirfaate of 114 thick-wall cylinders. Some of these
cylinders were also measured again during subsequest yEae head/skirt UT data for thick-wall
cylinders is inventoried in Table 2c.

¥5" thick (30" diameter) Cylinders. There are 1,825 30%" nominal thickness, cylinders at Paducah,
412 at Portsmouth, and 726 at ETTP. All of these cyl;ndee unpainted and of known age, except for 89
cylinders at ETTP and 2 at Portsmouth. Preciserigatanformation is not available on each cylinder,

but it is known that nearly all of these cylindergevmanufactured around 1954. Except for thirteen 30"
cylinders measured at Portsmouth in FY96 and FY98, altydbider thickness data is for Paducah
cylinders. This data is inventoried in Table 2b.
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4. DATA ANALYSIS

This section is about regression modeling with tha deéscussed in Section 3 and the indirect and direct
corrosion models considered in Section 2. Theaatliand direct models are based on a cylinder
classification system with seventeen subpopulationg s@ime classification is used for both the direct and
indirect models, and the two models may thus be caeddar each subpopulation. The subpopulations
are listed in Table 3. The classification is thesa@s the classification in Section 3 (Tables 2a-d i

few modifications. The modifications are explaine®ection 4.1 in conjunction with the discussion of
analyses based on the indirect model, which arad=mesl first. The direct model is considered iotba

4.2.

The choice of cylinder subpopulations should strike angal®etween model and statistical precision.
Combining cylinder groups increases statistical praejsand, as long the groups do not differ too much, is
often beneficial when there is little data. Whesré¢his ample data, that benefit is only minimal ansl i
usually better to increase model precision by using igangps. The direct approach, which incorporates
all of the data into a single analysis, can mosiiyeaccommodate additional subpopulations than the
indirect approach, which requires a separate regrefsgi@ach subpopulation.

Table 3. The Seventeen Subpopulation Classification
System Used in the Regression M odeling

Thin-Wall Cylinders*
ETTP
Pre-FY98 data (P-scan plus two breaches) (#1)
K-yard bottom (#2)
Except K-yard bottom (#3)
PGDP
P-scan data (#4)
Bottom, former G-yard (#5)
Bottom, except former G-yard (#6)
Top (#7)
PORTS
P-scan data (#8)
Top (#9)
Bottom (#10)
Thick-Wall Cylinder s*
Top (#11)
Bottom (#12)
Skirted Cylinders*
Thin
Top (#13)
Bottom (#14)
Thick (#15)
1/2" (30" dia)) Cylinders
Top (#16)
Bottom (#17)

*Main body measurements and head/skirt interface measoiremay be on the
same cylinders (i.e., the populations overlap).
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Figures 1-17 in Appendix A are scatter plots of maximum ptidestimates, for each of the seventeen
cylinder groups. Figures 18-34 in Appendix A are scattes ibthe minimum thickness measurements
for each cylinder group. Figures 1-34 also illustratdritieect or direct model fitted to the maximum pit
depth or minimum thickness data. Figures 18-34 alsoicarttarts of the distributions of cylinder ages in
underlying subpopulations from which the data is samgRrgjections based on both the direct and
indirect fitted regression models are discussecketi@h 5, and the direct and indirect models arepewed

in Section 6.

Several of Figures 1-34 contain points that are higie@dyh These points, which are statistical outliers, a
discussed in Section 4.3. Reanalyses with both teetdind indirect model are performed without the
outliers, and the results are the basis for an atieenset of projections discussed in Section 5.

4.1 Indirect M odel Regressions

Table 4 summarizes the indirect model results for ¢liergeen cylinder populations. In addition to the
numerical results discussed in this section, the &lbteshows sample and population sizes, and initial
thickness estimates.

ETTP Thin-wall, P-scan data, plusthe two FY 92 breaches (subpopulation #1). The two breached
cylinders discovered in FY02 are included with thisp¥®8 data, which otherwise is all from P-scans.

The primary, fitted-slope, indirect model for the ghifoths fails because the fitted slope estimate exceeds 1,
which suggest accelerating corrosion. Thereforacgordance with the indirect modeling approach, the
model with slope=1 is used instead. For that moldelintercept estimate turns out to be .532. As will be
seen in Section 5, with or without the breaches,dhia leads to higher corrosion estimates and piajesct
than the corresponding manual UT data. Because gféager quantity and quality of manual UT (post-
FY98) data, and because the P-scan method itself \wascdéed, these P-scan results are deprecated in
favor of the following.

Measurements made by manual UT in FY98 are significdiftrent (e.g., medians are different; see

Lyon 1998, Appendix D) from the measurements made befaraitiP-scan equipment. The manually
collected data shows in general both a lower amdunalb loss and larger minimum thickness (mean:
—49.8; standard error: 8.8; significance level of diffiee: .002). This is consistent with the results
obtained in Schmidt et al (1996), where it was foundtt@P-scan measurements under-predicted
minimum wall thickness. Schmidt et al found thapegally, the P-scan method resulted in underestimates
of minimum wall thickness by an average of 10-20 mileweler, rather than manipulating the P-scan or
manual UT data, in this report, the more recent detaual UT data will simply supersede the old.

ETTP Thin-wall, K-1066-K bottom (subpopulation #2). This population is treated separately from the
other ETTP populations, because a large portion of thydiselers were in ground contact for extended
periods while they were in a previous yard (K-1066-G yaad)l because, in K-yard as in other yards,
cylinders are more likely to corrode in bottom raiwan top rows. Thus this subpopulation is believed to
approximate a worst case at ETTP. However, accotditige indirect-model analysis, corrosion for this
subpopulation is actuallgss severe than for the P-scan group above. The best-§ilbpe estimate is
negative, and so (in accordance with the indiremdeting approach described in Section 2) the slope =1
model is used instead. The fitted intercept forstbpe = 1 pit depth model is564 + .057 (+ one
standard error). Thus, the fitted model is R{gge))= -.564 + log(age)or P(agey.569% age. The
regression standard deviation (root mean squared €sr.796 log-scale mils (Table 4), which shows the
substantial variability of the log-scale data aboufithed regression line (+2 regression standard
deviations is a 95% prediction range for an observatimut the regression line).
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Table 4. Summary of Indirect—-Model Populations and Modeling Assumptions

Initial Initial
Thick- Thick— Total
ness ness in
Cylinder Sample Inter- Std. Sample Initial Initial Inter— Popu-
Grouping Population Model Size cept Slope Dev. Size Mean Std val lation
Thin-Walled ETTP thin (P-scan data)Slope=1 117 0.532 1.000 0.456 117 315.1 9.8 [302.5,340] 4,037
ETTP thin, K-yard Slope =1 192 -.564 1.000 0.796 192 332.2 11.7 [302.5, 379] 1,167
bottom
ETTP thin, except Slope =1 138 -.688 1.000 0.931 138 331.2 9.7 [302.5, 368] 2,870
K-yard bottom
PGDP thin (P—scan Slope Fit 350 1.507 0.715 0.390 350 333.8 9.3 [302.5,363] 32,231
data)
PGDP thin bottom, Slope Fit 130 0.981 0.447 0.778 130 3234 13.8 [302.5, 350] 1,983
former G-yard
PGDP thin btm, excpt Slope Fit 325 0.767 0.499 0.829 325 328.8 13.2 [302.5,395] 15,347
fmr G-yard
PGDP thin top Slope Fit 214 1.481 0.239 0.677 214 329.5 12.2 [302.5,376] 14,901
PORTS thin (P-scan Slope Fit 556 2565 0.395 0.273 556 332.6 13.5 [302.5,378] 17,269
data)
PORTS thin top Slope Fit 218 2.398 0.240 0.455 218 355.7 12.3 [302.5,389] 8,501
PORTS thin bottom Slope Fit 222 2.198 0.296 0.453 222 355.8 13.4 [302.5, 430] 8,768
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Table 4-cont'd. Summary of Indirect-Model Populations and Modeling Assumptions

Initial Initial
Thick- Thick—- Total
ness ness in
Cylinder Sample Inter- Std. Sample Initial Initial Inter— Popu-
Grouping Population Model Size cept Slope Dev. Size Mean Std val lation
Thick-Walled ETTP/PGDP/PORTS Slope Fit 485 3.419 0.046 0.445 69 650.7 29.0 [615, 749] 962
thick top
ETTP/PGDP/PORTS Slope Fit 488 3.521 0.045 0.513 76 651.9 29.6 [615, 727] 1,062
thick bottom
Skirted ETTP/PGDP/PORTS Slope =1 164 -.758 1.000 0.665 164 355.1 18.2 [302.5, 435] 2,285
thin skirted top
ETTP/PGDP/PORTS Slope =1 176 -.744 1.000 0.876 176 352.3 15.1 [302.5, 388] 2,487
thin skirted btm
ETTP/PGDP/PORTS Slope =1 137 -.222 1.000 0.792 137 774.1 23.0 [615, 849] 2,024
thick skirted
1/2" (30" dia.) ETTP/PGDP/PORTS Slope =1 123 -.177 1.000 0.843 123 522.9 29.7 [490, 595] 1,317
1/2" (30" dia.) top
ETTP/PGDP/PORTS Slope =1 110 0.003 1.000 0.815 110 521.6 25.6 [490, 587] 1,646

1/2" (30" dia.) btm




Table5. Comparison of Estimated Minimum Point Wall Thickness
Using Different M easurement Methods for Cylindersat K-1066-K Yard

Estimated Minimum Estimated Minimum
Wall Thickness (mils) Wall Thickness (mils) by Difference
Cylinder by P-scanning (FY 94) Manual UT (FY98) (mils)
5280 230 311 -81
6294 260 304 —44
6622 250 304 -54
7340 140 200 —60
7486 205 220 -15
14375 280 326 —-46

Mean (Std. Err.): —49.8 (8.8)

ETTP Thin-wall, except K-1066-K bottom (subpopulation #3). This cylinder data represents the
complement of the ETTP thin-wall manual UT data notuded in the worst-case group. Again, however,
the fitted slope model fails because the fitted-slgpienate is negative. Therefore the slope = 1 madel i
used instead. The intercept estimate.838 + .079. Thus, the best fitted model is log(P(age))688 +
log(age) or P(age)=.503x age. The regression standard deviation is .931 laig-sails.

PGDP thin-wall, P-scan data (subpopulation #4). For the PGDP P-scan data, the fitted-slope madel f
The regression intercept and slope estimates are 1.807 H5) so that the fitted model is 1B¢fige))=

1.507 + .715 log(agedr P(age¥.4.51x (agey-'*> Like the P-scan data for the other sites, thisdh

data paints a somewhat more pessimistic story tleoatiesponding manual UT data. This can be seen
by examining either regression coefficients (seevjeto the numbers of cylinders projected to fail
various thickness criteria (Table 9A). As with thedan data for the other sites, this data is deadat
favor of more recent manual UT results.

PGDP thin-wall bottom, former G-yard (subpopulation #5). The former C-745-G yard represents the
worst conditions at the PGDP site. Many of thénddrs stored there were in ground contact for exgnd
periods. Unlike K-1066-yard bottom cylinders at ETTRréhs a wide range of ages for these cylinders
(compare histograms in Figures 19 and 21). The fittgoksodel fits for these cylinders, and the fitted
model is logP(age))= .981 + .447 log(age)r P(age)= 2.67 x (agey**". The regression standard
deviation is .778 log-scale mils. Comparisons withfitisefor the other PGDP thin-wall groups (except for
the P-scan group) are consistent with the assumptidriite former G-yard bottom cylinders represent the
worst case (see also projections in Table 9A).

PGDP thin-wall bottom, except former G-Yard (subpopulation #6). Bottom-row cylinders other than
those in former G-yard were not in ground contacetdended periods, with the possible exception of
some of the F-yard cylinders. Former F yard issim@red to be the PGDP yard with the next worst
conditions after G yard. However, on the basisllajfahe thin-wall cylinder data collected througN02,
there does not appear to be a reason to classifyféryard bottom cylinders separately from other
bottom-row cylinders (other than from G-yard). Twerall mean for the F-yard bottom row cylinders is
306.8+ 2.3 (one standard error), whereas the overall foedéime other (non-G-yard) bottom row cylinders
is 305.4 £ 1.1. (On the other hand, the overall mea@#gard bottom cylinders is 284.0 + 2.3.)
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Therefore, as in previous versions of this reportGhen-G yard division is retained, and no F/non-F
yard divisions are made for Paducah cylinders.

The fitted-slope power-law model fits for these ajdirs. The regression intercept and slope estimeges a
.708 and .519, so that the fitted pit depth model iP(@gfe))= .708 + .519 log(agedbr P(age¥F2.03 x
(agef>*mils. The regression standard deviation is .821stade mils.

PGDP thin-wall top (subpopulation #7). Few of the cylinders in the top rows of these gaxdre ever in
extended ground contact. The power law model thatficesihe pit depth data for these cylinders is
log(P(age))= 1.546 + .216 log(agepr P(age¥4.49x (agef-**°mils. The regression standard deviation is
.687 log-scale mils.

Portsmouth thin-wall cylinders, P-scan data (subpopulation #8). For the 556 cylinders P-scanned at
Portsmouth, the fitted-slope power-law model fits.e Tégression intercept and slope estimates are 2.565
and .395, so that the fitted model is B@ge))= 2.565 + .395¢< log(age) or P(age¥r13.0x (agef3*

mils. The regression standard deviation is .273 dadeamils. As with P-scan data for cylinders affeT

and PGDP, these results suggest greater corrosemthan for the more recent manual UT scans from the
same cylinder population (see below). The P-scan sestdtdeprecated in favor of the manual UT data.

Portsmouth thin-wall cylinders, top (subpopulation #9). The power law model that best fits the pit
depth data for the bottom row cylinders is R@ge))= 2.398 + .240 log(agedr P(age) = 11.0¢
(age¥?*. The regression standard deviation is .455 log-suide There seems to be little difference
between the results for these top-row cylinders amdPtrtsmouth bottom-row thin-wall cylinders (see
below for subpopulation #10).

Portsmouth thin-wall cylinders, bottom (subpopulation #10). The power law model that best fits the pit
depth data for the bottom row cylinders is R@ge))= 2.198 + .296 log(agepr P(age) = 9.0x (agey-**°
The regression standard deviation is .453 log-scade rAithough these are bottom-row cylinders, few of
them have ever been in extended ground contact. ifréact, from either the bottom or the top rows have
ever been in extended ground contact, and there $edvadittle difference between the results for the
Portsmouth top and bottom rows. Nevertheless, therplanty of UT measurements for both the top and
bottom classes, and so there would be little if argravement to the classification in Table 3 if the top
and bottom Portsmouth thin-wall groups were combined.

Thick-Wall cylinders, Top Rows (subpopulation #11). Since FY96, UT measurements have been made
for 73 unique, thick-wall, top-row cylinders. Somelué tylinders were measured more than once, and in
such cases only the latest measurement is usedriegitession analyses. The age range of these exdind
is narrow: 49-52 years. Because of the narrow age randebecause it is expected that the distribution of
pit depths for thin-wall cylinders at Portsmouth isitar to the distribution for the thick-wall cylindgrthe
maximum pit depth data for thin-wall cylinders in tbp tows at Portsmouth was added to the thick-wall
data set, and a model for pit depths was then deri@aourse only the thick-wall cylinders are used f
estimating initial thicknessésThis indirect model is assumed to apply to top-riwektwall cylinders at

all yards, though essentially all of the thick-wallinder measurements have been made for cylinders at
Portsmouth. In addition to 615 top-row, thick-wall ogiers at Portsmouth, there are 132 at PGDP and
204 at ETTP. With the combined thick and thin-walbegahe power law model that best fits the pit depth
data for the top row cylinders is I&{age))= 3.419 + .046 log(agedr P(age) = 30.5¢ (agef®*® The
regression standard deviation is .445 log-scale mils.

8n the direct-model regressions, thin-wall cylinders mot included at all in the thick-wall groups.
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Thick-Wall cylinders, Bottom Rows (subpopulation #12). Since FY96, UT measurements have been
made for 72 unique, thick-wall, top-row cylinders. Sarhéhe cylinders were measured more than once;
in such cases only the latest measurement is usked iedression analyses. The age range of these
bottom-row cylinders is the same as for the top-fuektwall cylinders: 49-52 years. Because of the
narrow age range, and because it is expected thaisthibudion of pit depths for thin-wall cylinders at
Portsmouth is similar to the distribution for the kaigall cylinders, the maximum pit depth data for thin-
wall cylinders in the bottom rows at Portsmouth wadea to the data set, and a model for pit depths was
then derived. As for the top-row thick-wall cylimdeonly the thick-wall cylinders are used for estiimg
initial thicknesses. This indirect model is assumaedpply to bottom-row, thick-wall cylinders at all
yards, though essentially all of the thick-wall ogier measurements have been made for cylinders at
Portsmouth. In addition to 650 bottom-row, thick-walirclers at Portsmouth, there are 214 at PGDP
and 187 at ETTP. With the combined thick and thin-dath set, the power law model that best fits the
pit depth data for the bottom row cylinders is R@ge))= 3.521 + .045 log(agedr P(age) = 33.&
(agey°*. The regression standard deviation is .513 log-sodde As with the thin-wall cylinders at
Portsmouth, the top and bottom-row thick-wall populati@asnbined with the thin-wall cylinders, are
essentially the same.

Thin-Wall Skirted Cylinders, Top (subpopulation #13). The wall thickness at the head/skirt interface
was measured for 164 top-row thin-wall skirted cylindgr®ortsmouth since FY97. Figure 13 shows that
this data suggests a negative power-law slope, butdhenmo obvious outliers, and there does not seem to
be a way to decide which of the data should be rejeotd which should be kept. (The problem is also
because of the narrow range of ages, and becausentiteagat P(0) = 0 cannot easily be formulated on the
log scale.) Therefore the slope-set-to-one modedésl. The model with slope = 1 that best fits the pit
depth data for the top row skirted cylinders is Rigfe))= -.758 + log(age)or P(age) = .46% age. The
regression standard deviation is .665 log-scale mils.

Thin-Wall Skirted Cylinders, Bottom (subpopulation #14). The wall thickness at the head/skirt
interface was measured for 176 bottom-row thin-walks#ticylinders at Portsmouth since FY97. Figure
14 shows that, as with data for the thin-wall skittgatrow cylinders, this data also suggests a negativ
power-law slope. Therefore the slope-set-to-one medeled. The model with slope = 1 that best fits the
pit depth data for the top row skirted cylinders {Rfage))= -.744 + log(age)or P(age) = .475< age.

The regression standard deviation is .876 log-scade rAis with other Portsmouth subpopulations, there
appears to be little difference between the top andrbatbev cylinders.

Thick-Wall Skirted Cylinders (subpopulation #15). The wall thickness at the head/skirt interface wa
measured for 137 thick-wall skirted cylinders at Poaistin since FY97. The top and bottom cylinders
were combined for this group, because there is not enmwlthick-wall head/skirt data to warrant
separate top and bottom classes. As with the thihheatl/skirt data, the thick-wall head/skirt data
suggests a negative power-law slodéderefore, the slope-set-to-one model is used. pitlepth model
with slope = 1 that best fits the pit depth data forttiperow skirted cylinders is log(age))= -.222 +
log(age) or P(age) = .801x age. The regression standard deviation is .792 lnig-sdils.

12" (30" diameter) top-row cylinders (subpopulation #16). Table 6 shows summary statistics for %2"
cylinders. In previous editions of this report, togl &ottom %2" (30" diameter) cylinders were modeled
together as one group, and in fact the data stiWshnouch greater year-to-year differences than top-to-
bottom differences (Table 6). Nevertheless, with 25tiaddl 30" cylinder UT scans performed in FY02,
there are now over 100 thickness measurements avahatiifor the top and bottom cylinders, and there
is also at least a suggestion that the bottom-rowittons are worse—an analysis of variance shows that
the maximum pit depths are significantly higher forkb&om-row cylinders (p=.04). Therefore the 2"
cylinders are classified by top/bottom status in teort.
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The 2" cylinder, top-row thickness data (Figure 16) estgga negative power-law slop€herefore, the
slope-set-to-one model is used. The pit depth modelsidpe = 1 that best fits the pit depth data for the

top row %2" cylinders is log{(age))= -.177 + log(age)or P(age) = .843« age. The regression standard
deviation is .843 log-scale mils.

12" (30" diameter) bottom-row cylinder s (subpopulation #17). The ¥2" cylinder, bottom-row thickness
data (Figure 17) suggests a negative power-law sldperefore, the slope-set-to-one model is used. The
pit depth model with slope = 1 that best fits the pit lejaita for the bottom row %2" cylinders is

log(P(age))= .003 + log(age)or P(age) = 1.0« age. The regression standard deviation is .815 laig-sc
mils.

Table6. %" (30" dia.) Cylinder Minimum Thicknesses and
Estimated Pit Depths by Top/Bottom Statusand FY

Mean Minimum Mean L og Maximum
Top/Bottom Thickness Estimated Pit Depth
FY Status N*  (Standard Error) (Standard Error)
‘ Top 51 440.9 (11.2) 3.92 (.10)
% Bottom 46 438.8 (9.0) 4.00 (.10)
‘ Top 61 487.7 (8.8) 3.43(.11)
o Bottom 38 472.6 (12.2) 3.88 (.14)
‘ Top 11 455.6 (23.0) 3.63 (.28)
- Bottom 14 444.7 (19.6) 3.52 (.32)

*Cell counts differ slightly from 2001 report because of FY&&icate measurements.

4.2. Direct Model Regressions

Without setting the power-law slope to one, the irdicerrosion model would fail for eight of the
seventeen cylinder subpopulations. Some of the failoegsbe due to the statistically variable and
sometimes inconsistent nature of the maximum pit degtiitm&tes computed from maximum thickness
measurements as a proxy for initial thickness. Tasam for the failures may also be for physical regsons
for example because of changed maintenance and stmagjdgons, or because the power-law model is
based on corrosion physics that may apply to small tsbech as metal coupons under ideal conditions,
not necessarily to thermally massive storage ogitdhat are abraded, nicked, and cut during one @ mo
use cycles.

Whether for theoretical reasons or because of pradtita limitations, it seems appropriate to try an
approach that (1) does not require the estimation -@fgpith maxima, and (2) smooths out data anomalies
by imposing more structure than the structure in thedotdapproach’s seventeen separately-fitted
regressions. The direct model does not requiregpitrdestimation and does provide more structure.

Original Thickness Estimates. The direct model requires estimates of the initydihder thickness. For

initial thickness estimates, design-sheet spedifinatare a good starting point, but, as Table 7 suggests,
design-sheet specifications can be refined. For efitie seventeen cylinder groups developed in Section
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4.1, Table 7 contains 97.5% one-side lower and upper coodidienits (which together compose a 95%
confidence interval) for the mean maximum thickneBse confidence limits are computed from wall
maximum thickness measurements for each cylinder grobtip.table also contains the nominal lower and
upper design limits, from the design sheets. Initta €olumn, the table contains an original thickness
estimate, which combines the nominal and confidénges. These original thickness estimates are used
the direct-model regressions.

The original thickness estimates in Table 7 are cordpagdollows. As can be seen from the table, except
for the thick, skirted group and the %2" cylinders tlonfidence limit ranges are not far from the marhi
ranges and in most cases overlap them. For the gkcted group and the 2" groups, the 97.5% LCL
was taken as the original thickness estimate, wkitihe point in the 95% confidence range closedido t
nominal thickness range. For the other groups, efoefite thin, skirted groups, the confidence intesval
and design ranges actually do overlap. For these gtbups, when the confidence and nominal ranges
overlap, the original thickness estimate was taketih@ midpoint of the range of overlap. When the
confidence and nominal ranges do not overlap, thenad range endpoint nearest to the confidenceviater
was taken as the original thickness estimate. Téxegpt for the thick, skirted group and the %2” cylisde
the original thickness estimate is defined as ¥edto

If Nominal Upper < LCL, then Original EstimateNominal Upper;
Otherwise, if UCL < Nominal Lower, then Origl Estimate = Nominal Lower;
Otherwise, Original Estimate = [ min(UCL, N Upper) + max(LCL, Nominal Lower) ]/ 2.

Because a nominal range endpoint is used when theleocd and nominal ranges do not overlap, this
algorithm for estimating the initial thickness fasdhe nominal specification. The rationale for enehg
the nominal specification is that (1) if the origitiaickness of a cylinder was not uniform, then the
maximum thickness (ainy time) is likely to be a poor estimate of the origjimenimum thickness of the
cylinder, and (2) the original estimates, so defirsesgm to work well in the minimum thickness regoess
discussed below. For the thick, skirted group and4heylinder groups, the discrepancy between the
confidence limits and the nominal specificationagyseat that the nominal specification does not seem
reasonable, and the confidence limit closest tmtimeinal range is used instead.

The original thickness estimates in Table 7 all extleeil corresponding nominal thicknesses (312.5, 625,
or 100 mils). The original thickness estimates wegel uis the direct model regression, as a predictor
variable, the effect of which was adjusted in fittthg direct regression model (2.3). Thus a source of
information for refining the original minimum thickas estimates is the Uilinimum thickness data itself.
Although the original thickness estimate in thediregression model is assumed only to be an estimate
(not the original thickness itself), thex (Original Thickness Estimate) term in the directdelq2.3)

actually represents the mean thickness at one yeayedfi.e., when log(age) = 0). Thus we would expect
o to be close to 1 and smaller than 1, though a depdrtumethis is possible because of error in the
original thickness estimates.

Weighting. Whether and how the fit of the regression maaelrie region of the space of predictor
variables (e.g., subpopulation, original thickness, @ajl @an be used to make inferences (e.g.,
predictions) in another region depends on the statististribution of the underlying regression erroFr
example, the variance of the distribution of minimurakhess measurements likely increases with cylinder
age. This should be accounted for, because projectiang minimum thicknesses at a target age in the
future are based on measurements for cylinders alesgethan the target age. In the direct-model
regression, the dependency of the variance on agedsinted for by weighting.
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Table 7. Original Thickness Estimates

Orginal

97.5% 97.5% Nominal Nominal Thickness
Cylinder Group LCL UCL Lower Upper Estimate
ETTP thin (P-scan data) 313.3 316.9 302.5 345.5 315.1
ETTP thin, K-yard bottom 3305 333.8 302.5 345.5 332.2
ETTP thin, except K-yard bottom 329.6 332.8 302.5 345.5 331.2
PGDP thin (P-scan data) 332.8 334.8 302.5 345.5 333.8
PGDP thin bottom, former G-yard 321.0 325.8 302.5 345.5 3234
PGDP thin btm, excpt fmr G-yard 327.4 330.3 302.5 345.5 328.8
PGDP thin top 327.8 3311 302.5 345.5 329.5
PORTS thin (P—scan data) 3315 3338 302.5 345.5 332.6
PORTS thin top 354.1 3574 302.5 345.5 345.5
PORTS thin bottom 354.1 357.6 302.5 345.5 345.5
ETTP/PGDP/PORTS thick top 643.7 657.7 615.0 655.0 649.4
ETTP/PGDP/PORTS thick bottom 645.2 658.7 615.0 655.0 650.1
ETTP/PGDP/PORTS thin skirted top 352.3 357.9 302.5 345.5 3455
ETTP/PGDP/PORTS thin skirted btm  350.1 354.6 302.5 345.5 345.5
ETTP/PGDP/PORTS thick skirted 770.3 778.0 615.0 655.0 770.3
ETTP/PGDP/PORTS 1/2" (30" dia.) top 517.6 528.2 343.8 468.8 517.6
ETTP/PGDP/PORTS 1/2" (30" dia.) btm 516.8 526.4 343.8 468.8 516.8

Three weighting strategies were investigated ferdinect-model regressions: constant-variance (i.e.
unweighted), variance-proportional-to-age, and vaggioportional-to-age-squared. The variance-
proportional-to-age weighting was chosen on the lmsissidual plots and judgment about data quality.
(Regression residuals are the differences betwearbdeved (dependent variable) values and their
corresponding fitted values.) The regression weighyeage is easily implemented by dividing cylinder
minimum thicknesses, original thickness estimated,the log(age) terms by the square root of age. The
ordinary, unweighted regression with the variablegaasformed is equivalent to an age-weighted
regression of the untransformed variables.

Direct-Model Regression Results. Table 8 shows the andg(group) parameter estimates for the direct-
model regression with the variance-proportional-te-agighting. The Rvalue for the regression is
92.0%? Thea coefficient for the original thickness estima@,.is in the range reasonably close to but
less than 1. Thg(group) parameters should all be negative, because, agrtwdhe modetiM(t)/dt =
p(group)t. Although the direct model imposes no constraintthegi(group) parameter estimates, all of
the estimates do turn out to be negative, and thereainconsistencies between model and data.

°R?is the squared multiple correlation coefficient or prtiparof explained variance (see Draper and
Smith, 1981). Although Rstatistics for the direct and indirect models aredirgictly comparable, for reference,
the R values for the indirect models were less than .10Ifduafive of the seventeen indirect model regression
and never exceeded .55 in the other five cases. Thesetarlly the Rfor the unconstrained two-parameter
power law model, even when the slope-set-to-one medgldd instead. The Ratistic for the slope-set-to-one
model, which is an intercept-only model, is by defontialways zero.
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Figures 18-34 show the fitted, direct-model, age-weifregressions for the seventeen cylinder groups. In
addition to plots of regression results, these figates contain charts of the cylinder age distribtitom

the populations defined by the cylinder groups. Thesal&tyibution are foall cylinders in the

population, not just for cylinders that were sampletie age distribution charts show, in particular, the
ages and counts for the oldest cylinders in eadlmpgnohich, on average, are the cylinders at greeisbst
Estimates that are averages for entire groups camm@gsks for the oldest cylinders, for example, & th
oldest cylinders are exceptions relative to the popuiati general (see for example Figures 23-26).

In addition to minimum thickness measurements, theession plots in Figures 18-34 show the direct-
model fitted regression curves and approximate 99% loardidence limits (LCLs) for minimum
thicknesses for individual cylinders over the ageyes in the plots. The LCL curves are approximations:

Probability ( Actual Minimum Thickness at age tCL att )=~ .99

for any particular age t. Two different sets of LElrves are shown. One set is based on a large-sample
approximation (Schmoyer 1992) that does not assume angybartinderlying distribution (e.g., normal)
for the regression errors. The other LCLs areutheal LCLs for individual predicted values, which are
based on the assumption that regression errors havalmistributions. The normal-theory confidence
limits are generally though not necessarily closahé regression fitted curve than the large-samples|

Both the normal-theory and large-sample LCLs sughestalthough there are slight declines over time in
average minimum wall thicknesses, there is condidierancertainty about individual cylinders, and the
uncertainty about individual cylinders increases asiglieds extend farther ahead in time.

Figures 35 and 36 are plots of the regression residuafstfre age-weighted regression. The plots can be
used to help decide about whether the statisticalldisitvn of the regression errors is normal or othsewi
whether the regression errors are approximately uniferg, across ages), whether the variance-
proportional-to-age weighting or some other weighisngppropriate. A uniform distribution in the
weighted residuals is the objective of the weightbegause a uniform weighted error distribution is an
assumption in statistical inferences (e.g., confidéaunds) based on the regression.

Figure 35 shows that for the regression weighted bythgevariance of the residuals is approximately
uniform in age. There does appear to be a tendentlgfaveighted residuals to fan out with increasing
age, however, though it occurs primarily for the “dincers. The more severe, variance-proportional-to-
age-squared weighting was also tried here, but ihalidhave much effect on either the pattern of residual
or the wall-thickness projections based on the regnes As discussed in Section 4.1, there are problems
with the ¥2" cylinder data. The average minimumkihéss is significantly lower in FYO1 than in FY99,
for example. The %2"-thick cylinders could be modelgabsately from the other cylinder groups, but one
of the goals in the choice of the direct modebigiicompass many cylinder groups with one model,ato th
anomalies in data anomalies such as the ¥2"-thighdeyl data can be smoothed out. Furthermore, no
physical theories have yet been offered that wouldesidbat the %2"-thick cylinders, in particular, should
be modeled separately from other cylinder groups. €ftrer, the ¥2"-thick cylinders were modeled along
with the other cylinders, using the variance-propagigo-age weighting for the regression errors.
Cylinders with unusually large negative residuals aresiclered as outliers in the discussion below.

Figure 36 shows the regression residuals in a normbaapiidy plot. The figure shows that the
distribution of residuals, and by extension the distrdvutif regression errors, is not normal, particularly
for the lower (left) side of the distribution, whehe residuals are smaller (more negative) than woeaild
expected under normal theory. This suggests thaotineaftheory LCLs for individual minimum
thickness predictions are likely to be inaccurate,thatithe large-sample confidence limits (which are
lower than the normal-based limits) are probably betBacause the use of the normal-theory confidence
limits is much more common in regression modelihgytwere included in the figures as points of
comparison for the large-sample limits.
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Table 8. Direct—-Model Parameter Estimates and Standard Errors

Standard
Parameter Estimate  Error
Initial Thickness 0.97 0.01
ETTP thin (P—scan data) -15.3 1.26
ETTP thin, K-yard bottom -6.20 1.17
ETTP thin, except K-yard bottom -6.06 1.24
PGDP thin (P—scan data) -12.8 1.21
PGDP thin bottom, former G-yard -2.02 1.26
PGDP thin btm, excpt fmr G-yard -1.85 1.20
PGDP thin top -0.42 1.25
PORTS thin (P—scan data) -12.6 1.21
PORTS thin top -2.41 1.25
PORTS thin bottom -2.56 1.24
ETTP/PGDP/PORTS thick top -6.91 2.17
ETTP/PGDP/PORTS thick bottom -7.04 2.15
ETTP/PGDP/PORTS thin skirted top -1.26 1.23
ETTP/PGDP/PORTS thin skirted btm -3.00 1.22
ETTP/PGDP/PORTS thick skirted -5.75 2.36
ETTP/PGDP/PORTS 1/2" (30" dia.) top -9.60 1.70
ETTP/PGDP/PORTS 1/2" (30" dia.) btm  -11.3 1.72

4.3. Reanalyses after dropping outliers
Data points plotted in Figures 1-34 were considered oaiifiehey met the following criteria:

For the indirect model (Figures 1-17): maximum pit depfl6& mils
For the direct model (Figures 18-34): corresponding ssge residual <20 mils

Direct-model regression residuals are also plottétigare 35. Outliers (points failing the above criteria)
are highlighted in yellow in figures showing theng(eFigures 6 or 20).

The maximum pit depth and minimum thickness data weamadyzed with the outliers dropped using the
direct and indirect models and the respective outligeria. In Sections 5 and 6 it is shown that tipas
based on the analyses without the outliers are imiact consistent with experience than projections based
on the analyses with the outliers included. Althohgimg a statistical outlier does not automatically ympl
that anything is wrong with a data point, the maaistic conclusions based on the analyses without the
outliers suggest that something may in fact be wradtigseme of them. Therefore, cylinders whose
thickness data fails the above criteria are goodidates for re-examination to either validate orecir

their previous measurements.
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5. WALL THICKNESS PROJECTIONS

Using the fitted, indirect and direct models, profets were made of the number of cylinders with mimm
wall thickness less than the following criteria:

1. O mils (i.e., a breach), which indicates a possilde tf contained material
2. 62.5 mils, below which ordinary safe handling andkétgds considered to be impaired

3. 250 mils for thin-wall cylinders and 500 mils for thiakdl cylinders, which represent applicable
standards for off-site transport and contents tear(dlased on ANSI 14.1 1995): .

For ¥2" (30" diameter) cylinders, there are no publisingdria for minimum thicknesses. However, in
addition to the zero (breach) and 62.5 mil criteria, 106, the minimum thickness for regular hot feeding
is also used for ¥2" cylinders.

These criteria are actually for on area of wall thinning, as opposed to a point. Minimum khigsses
predictions calculated for this report are for a tinga of only about 0.01 square inches, essentially a point
For thickness criteria greater than zero (breable)calculations may therefore be conservative. Heor t
breach criteria, consider the following from DNFSIB®95):

A breach in a cylinder allows the external atmosptereact slowly with the U§: The

solid reaction product tends to plug the breach; howtverHF formed releases slowly,
attacks the metal cylinder, and enlarges the breeshtime. The hole diameter is estimated
to increase at a rate of approximately one inch per yea

Therefore, because of the interaction ofWith atmospheric moisture and the substrate steel, the
approximation of a small-area breach with a point breaphobably closé!

Cylinder Count Projections. Separate projections are made for the direct atiiceot approaches. Table
9A shows numbers of cylinders projected on the bagtsedhdirect regression model to have minimum

wall thickness below the various thickness criteff@ble 10A shows projections based on the direct model.
These projections are computed using equation (2.1) witider counts (from the CID) and either indirect
or direct-model estimates of the probability PM{ij < z) for the various agdsand thickness criteria

Thus the numbers in the tables are estimates of the nsimbeylinderexpectedo fail the various

thickness criteria. Even if the estimates of Pki(t( < z) were exact, and the estimates of the numbers of
cylinders expected to fail were thus also exact, theshaumbers of cylinders observed in practice to
violate the various thickness criteria would stilbde randomly from the estimates.

19s. J. Pawel, ORNL Corrosion Science & Technologyupr@ersonal communication.

"However, note also page 4 of the SRD (LMES 1997a): “Reradposits formed when Wi exposed
to the atmosphere in the presence of the mild ste¢hiceers have a self-sealing nature.”
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Table 9A. Summary of Indirect-Model Projections for Target Years and Minimum Thickness Criteria

Projected Number of Cylinders Below Thickness Criterion
Thick. 2003 2005 2010 2015 2020 2025

Pop. Spec Esti— 95% Esti—- 95% Esti— 95% Esti—- 95% Esti- 95% Esti- 95%

Cylinder Population Total Model (mils) mate UCB mate UCB mate UCB mate UCB mate UCB mate UCB
ETTP thin (P-scan data) 4,037 Slope=1 250 1,7261,983 1,8952,169 2,293 2,607 2,644 2,971 2,939 3,259 3,179 3,477
62.5 8 36 10 45 20 75 36 116 59 169 92 233

0 2 12 2 15 5 27 9 44 17 67 27 97

ETTP thin, K-yard bottom 1,167 Slope=1 250 77 131 86 143 110 172 135 202 161 232 188 262
62.5 1 6 2 7 3 10 4 13 5 17 7 21

0 1 3 1 4 1 5 2 7 2 9 3 12

ETTP thin, except K-yard bottom 2,870 Slope=1 250 144 281 162 307 210 375 262 443 316 511 373 578
62.5 5 24 6 27 9 37 13 48 17 60 23 74

0 3 14 3 16 5 22 7 29 9 37 12 46
PGDP thin (P—scan data) 32,231 Slope Fit 250 2,509 4,181 2,928 4,789 4,186 6,481 5,745 8,345 7,555 10,314 9,526 12,386
62.5 1 8 1 10 3 20 6 36 10 60 18 96

0 0 1 0 2 0 4 1 7 2 13 3 22

PGDP thin bottom, former G-yard 1,983 Slope Fit 250 32 119 34 127 40 149 47 173 53 198 59 226
62.5 0 3 0 3 0 4 0 5 0 7 0 9

0 0 1 0 1 0 2 0 3 0 3 0 4

PGDP thin btm, excpt fmr G-yard 15,347 Slope Fit 250 113 372 128 401 170 475 216 550 265 629 315 717
62.5 1 7 1 8 1 10 2 13 2 16 3 19

0 0 3 0 3 0 5 1 6 1 7 1 9

PGDP thin top 14,901 Slope Fit 250 14 100 15 102 19 109 23 117 26 126 30 139

62.5 0 0 0 0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 9A—cont'd. Summary of Indirect—-Model Projections for Target Years and Minimum Thickness Criteria

Projected Number of Cylinders Below Thickness Criterion

Thick. 2003 2005 2010 2015 2020 2025
Pop. Spec Esti— 95% Esti—- 95% Esti— 95% Esti—- 95% Esti- 95% Esti— 95%
Cylinder Population Total Model (mils) mate UCB mate UCB mate UCB mate UCB mate UCB mate UCB
PORTS thin (P-scan data) 17,26¢ Slope Fit 250 673 1,010 784 1,160 1,112 1,583 1,506 2,064 1,954 2,596 2,442 3,175
62.5 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
PORTS thin top 8,501 Slope Fit 250 7 45 8 48 10 55 13 63 16 71 19 81
62.5 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
PORTS thin bottom 8,768 Slope Fit 250 7 43 8 47 10 57 14 67 18 79 22 92
62.5 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
ETTP/PGDP/PORTS thick top 962 Slope Fit 500 1 3 1 3 1 3 1 3 1 3 1 4
62.5 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
ETTP/PGDP/PORTS thick bottom 1,062 Slope Fit 500 6 14 6 14 6 14 6 15 6 16 6 16
62.5 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
ETTP/PGDP/PORTS thin skirted top 2,285 Slope=1 250 20 53 24 60 34 81 47 104 62 130 81 159
62.5 0 1 0 1 0 2 0 3 1 4 1 5
0 0 0 0 0 0 1 0 1 0 2 0 2
ETTP/PGDP/PORTS thin skirted btm 2,487 Slope=1 250 84 165 93 180 119 219 148 259 179 301 212 344
62.5 3 13 4 15 5 20 7 26 10 33 13 40
0 1 8 2 9 3 12 4 15 5 19 7 24
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Table 9A—cont'd. Summary of Indirect—-Model Projections for Target Years and Minimum Thickness Criteria

Projected Number of Cylinders Below Thickness Criterion

Thick. 2003 2005 2010 2015 2020 2025
Pop. Spec Esti— 95% Esti— 95% Esti— 95% Esti— 95% Esti- 95% Esti— 95%
Cylinder Population Total Model (mils) mate UCB mate UCB mate UCB mate UCB mate UCB mate UCB
ETTP/PGDP/PORTS thick skirted 2,024 Slope=1 500 15 48 17 53 23 67 30 82 38 98 48 115
62.5 0 3 0 3 0 4 1 5 1 7 1 9
0 0 2 0 2 0 3 0 4 1 5 1 7
ETTP/PGDP/PORTS 1/2" (30" dia.) top 1,317 Slope=1 100 3 16 4 18 6 23 7 28 10 34 12 40
62.5 3 13 3 14 4 18 6 23 7 28 9 33
0 2 9 2 10 3 13 4 17 5 20 6 24
ETTP/PGDP/PORTS 1/2" (30" dia.) btm 1,646 Slope=1 100 7 29 8 33 10 41 14 50 18 60 23 71
62.5 5 24 6 26 8 33 10 41 14 50 17 59
0 3 17 3 19 5 24 7 30 9 37 11 44
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Table 10A. Summary of Direct-Model Projections for Target Years and Thickness Criteria

Projected Number of Cylinders Below Minimum Thickness Criteria

Thick. 2003 2005 2010 2015 2020 2025
Pop. Spec Esti—- Esti- Esti- Esti— Esti— Esti—-
Cylinder Population Total (mils) mate mate mate mate mate mate
ETTP thin (P-scan data) 4,037 250 1,560 1,628 1,778 1,901 2,002 2,085
62.5 15 16 19 21 23 25
0 6 7 9 11 12 14
ETTP thin, K-yard bottom 1,167 250 69 72 79 86 94 103
62.5 3 3 4 4 4 5
0 1 1 2 2 3 3
ETTP thin, except K-yard bottom 2,870 250 133 142 163 183 203 222
62.5 5 5 7 8 9 10
0 1 2 2 3 4 6
PGDP thin (P—scan data) 32,231 250 1,944 2,164 2,754 3,306 3,851 4,375
62.5 33 38 53 71 90 109
0 13 16 21 28 37 48
PGDP thin bottom, former G-yard 1,983 250 81 86 96 106 116 124
62.5 4 4 5 6 6 7
0 1 1 2 2 3 4
PGDP thin btm, excpt fmr G-yard 15,347 250 262 288 356 438 515 586
62.5 9 10 13 18 24 32
0 3 4 5 7 8 12
PGDP thin top 14,901 250 219 240 295 354 420 481
62.5 9 9 13 17 22 28
0 3 3 4 6 8 10
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Table 10A-cont'd. Summary of Direct-Model Projections for Target Years and Thickness Criteria

Projected Number of Cylinders Below Minimum Thickness Criteria

Thick. 2003 2005 2010 2015 2020 2025
Pop. Spec Esti—- Esti- Esti- Esti— Esti— Esti—-
Cylinder Population Total (mils) mate mate mate mate mate mate
PORTS thin (P-scan data) 17,268 250 1,095 1,222 1,537 1,833 2,136 2,400
62.5 18 21 29 40 50 60
0 7 8 11 15 20 26
PORTS thin top 8,501 250 102 112 136 164 194 226
62.5 4 5 7 9 12 15
0 2 2 3 3 4 6
PORTS thin bottom 8,768 250 104 115 141 170 202 236
62.5 4 5 7 9 12 16
0 2 2 3 3 4 6
ETTP/PGDP/PORTS thick top 962 500 13 14 16 19 21 23
62.5 0 0 0 0 0 0
0 0 0 0 0 0 0
ETTP/PGDP/PORTS thick bottom 1,062 500 14 15 18 20 23 25
62.5 0 0 0 0 0 0
0 0 0 0 0 0 0
ETTP/PGDP/PORTS thin skirted top 2,285 250 47 50 57 64 71 78
62.5 3 4 5 5 6 6
0 1 1 1 2 3 4
ETTP/PGDP/PORTS thin skirted btm 2,487 250 62 66 75 85 93 102
62.5 4 5 6 6 7 7
0 1 1 2 3 4 4




Table 10A-cont'd. Summary of Direct-Model Projections for Target Years and Thickness Criteria

Projected Number of Cylinders Below Minimum Thickness Criteria
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Thick. 2003 2005 2010 2015 2020 2025

Pop. Spec Esti—- Esti- Esti- Esti— Esti— Esti—-

Cylinder Population Total (mils) mate mate mate mate mate mate
ETTP/PGDP/PORTS thick skirted 2,024 500 6 6 7 8 10 11
62.5 0 0 0 0 0 0
0 0 0 0 0 0 0
ETTP/PGDP/PORTS 1/2" (30" dia.) top 1,317 100 1 1 1 1 1 2
62.5 0 0 1 1 1 1
0 0 0 0 0 0 0
ETTP/PGDP/PORTS 1/2" (30" dia.) btm 1,646 100 1 1 1 1 2 2
62.5 0 0 1 1 1 1




In the indirect modeling approach, for the variousder subpopulations, the statistical distributions of
M(t) are assumed to be lognormal, and regressions atéaisstimate the parameters of the respective
lognormal distributions. These estimates and thezefe corresponding projections do not incorporate
adjustments to account for statistical variabilityrindel parameter estimates. The projections may be
conservative for other reasons but not because dftitatiadjustments to account for error in the
parameter estimates. However, in addition to thggtions, Table 9A also contains upper confidence
limits (UCLSs) for the projections. The numbers in toumns labeled “Estimate” are point estimates
computed from the regression estimates; the numbeisddi®®% UCL” are approximate upper 95%
confidence limits computed using the method describégpendix B. The confidence limits take into
account variability in the regression parameter eséisyahough the mathematics underlying them is based
on conservative approximations.

The direct-model projections in Table 10A are basedhersame large-sample approximations that are used
to derive the LCLs plotted in Figures 18-34 for individpeddicted values. Those confidence limits are
nonparametric analogs of the usual normal-theory LiGt s dividual predicted values, which are also
plotted in the Figures 18-34. Both the normal and nompetré&c confidence limits are computed by
determining, for a specified probabilipy(e.g., .99) and agea corresponding limit such that Proi{(t) >

L) = p.

Like their normal-theory analogs, the nonparamditriits account for statistical error in the regressi
parameter estimates. However, for the nonparanietits, the underlying regression error distributien i
not assumed to be normal, but rather is estimated, thierempirical distribution of the regression residuals
in a way that is asymptotically exact. Thus, exceptwmthe distribution of regression errors is exactly
normal, both the normal and large-sample confidaénitslare approximate.

For the direct-model projections, instead of speaoifya probabilityp (e.g., .99) and an agieand
determining a corresponding linhitsuch that Proid(t) > L) = p, a limit zis specified along with an age
and the same approach is then used to deterngirseieh that Prob{(t) > z) = p. Thisp is an estimate of
ProbM(t) > z) and can thus be used in projection estimates compsiiedeauation (2.1).

The direct model projections incorporate adjustmdrasdccount for statistical error in the regression
parameter estimates. In that sense they are rkerthé confidence bounds for the indirect-model
projections, than the indirect-model projections thelres. However, the approximations in the direct-
model approach are not as conservative as the appratisased to derive the indirect-model confidence
bounds. Thus the direct-model projections are likelye more conservative than the indirect-model
projections, but not as conservative as the confidenis for the indirect-model projections.

Tables 9A and 10A show clearly that projections of thalvers of noncompliant cylinders are much higher
for the P-scan groups than for the manual UT groupsis,Tih the following discussion, the P-scan results
are deprecated in favor of the more recent manuadddh data. Tables 9A and 10A both project that many
cylinders will fail the upper (e.g., 250 or 500 mil) thickaespecifications. The validation analysis in

Section 6 shows that these projections are reasonabkeyvalidation analysis is less conclusive about
results for thickness specifications less than 250 holaever, because so few cylinders are ever observed
to fail these criteria. Tables 9A and 10A do project enaus breaches in 2003 and later years, however,
and although breaches have occurred in the past, apiiedeandom variations, the numbers of breaches
predicted in the tables seem too high—it is unlikeyt threaches of this frequency would go unnoticed, even
if they were not detected in the UT scanning itself
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Reasons for high projections include:

o Many of the cylinders were not sampled randomly. (@ging a random number generator), but
were selected “quasi-randomly” or, as is naturahgpéctions, with purposive focus on groups
thought to be at higher risk.

® The cylinder groupings (subpopulations) only roughly apprabdrtize complete storage location
history of cylinders. Because cylinders are typjcalbved from time to time, the “locations”
associated with the cylinder groupings would be betfaresented as combinations of locations.

® \When cylinders are moved, they are usually movéahpooved storage locations.

The complete storage histories are not always dlajlaowever, in any form (let alone electronic) éme
accounting in such an approach would be much more diffizaift the direct or indirect approaches used for
this report.

Disregarding P-scan results and summing projected ngrobéreaches in Table 9A shows that the
indirect-model analysis predicts a total of ten bneadn FY03. This figure is a point estimate—no
adjustment is made for statistical error in theesgion parameter estimates. The corresponding pooject
confidence limits in the table account for errorhia parameter estimates. However, the sum of those
confidence limits is 40, which seems too conservativee useful. It would be extremely unlikely that 40
breaches would go unnoticed, even without any UT sogratiall. Therefore, only the indirect-model point
estimate projections and not the confidence limitishe used to compute projections of numbers of
cylinders that fail various thickness criteria, whare considered in Section 5.

The sum of the direct-model projections (Table 10A) is I6.some extent, the direct model projections
account for statistical error in the parameter esémand should therefore be somewhat higher (more
conservative) than the indirect model point estinpatgections. Nevertheless, like the indirect model
projections, the direct model projections also semmhigh.

Because of updating of the cylinder subpopulation defirsfideprecation of the P-scan data, and the
addition of new data for measurements made in FY@2pithjected numbers of breaches are considerably
lower than the corresponding projections for FY02 comptdethe FY02 report (Schmoyer and Lyon,
2002). From the FY02 report, excluding breaches predictedfrgcan data results, 67 breaches were
projected (for FY02) for the indirect model, and 23 wenedicted for the direct model. But despite the
improvement, the FY03 projections still appear to be coatige.

Projections with Outlier Exclusions. Tables 9B and 10B were computed to show the very suiagtant
influence that only a few data points have in bothdihect and indirect model analyses. Table 9B is the
analog of Table 9A for the indirect model, computedragicluding observations for which the minimum

pit depth exceeds 160 mils. Table 10B the analog of TablddGAe direct model, computed after
excluding observations for which the regression residuass than -20 mils. Note that the 160 mil and -20
mil thresholds are subjective; different cutoffs caaib be considered. The excluded cylinders are listed
Table 11. The number of outliers dropped is 27 for thegadimodel and 24 for the direct model (23 of
which are common to both models). When the outhieesdropped, the number of predicted breaches drops
from 10 to 3 for the indirect model and from 15 to 6tfe direct model.
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Table 9B. Summary of Indirect—-Model Projections for Data with Outlier Exclusions

Projected Number of Cylinders Below Thickness Criterion
Thick. 2003 2005 2010 2015 2020 2025

Pop. Spec Esti— 95% Esti—- 95% Esti— 95% Esti—- 95% Esti- 95% Esti- 95%

Population Total Model (mils) mate UCB mate UCB mate UCB mate UCB mate UCB mate UCB
ETTP thin (P-scan data) 4,037 Slope=1 250 1,5531,814 1,738 1,987 2,188 2,483 2,595 2,910 2,938 3,248 3,215 3,499
62.5 1 8 1 11 4 22 8 39 16 64 28 99

0 0 2 0 2 0 5 1 10 3 18 5 29

ETTP thin, K-yard bottom 1,167 Slope=1 250 77 131 86 143 110 172 135 202 161 232 188 262
62.5 1 6 2 7 3 10 4 13 5 17 7 21

0 1 3 1 4 1 5 2 7 2 9 3 12

ETTP thin, except K-yard bottom 2,870 Slope=1 250 113 235 129 260 171 322 218 387 268 452 320 517
62.5 3 16 4 18 5 25 8 33 11 43 15 54

0 1 9 2 10 3 14 4 19 5 25 7 32
PGDP thin (P—scan data) 32,231 Slope Fit 250 2,509 4,181 2,928 4,789 4,186 6,481 5,745 8,345 7,555 10,314 9,526 12,386
62.5 1 8 1 10 3 20 6 36 10 60 18 96

0 0 1 0 2 0 4 1 7 2 13 3 22

PGDP thin bottom, former G-yard 1,983 Slope Fit 250 32 119 34 127 40 149 47 173 53 198 59 226
62.5 0 3 0 3 0 4 0 5 0 7 0 9

0 0 1 0 1 0 2 0 3 0 3 0 4

PGDP thin btm, excpt fmr G-yard 15,347 Slope Fit 250 67 249 76 268 101 317 129 367 159 421 190 481
62.5 0 3 0 3 0 4 1 5 1 6 1 7

0 0 1 0 1 0 1 0 2 0 2 0 3

PGDP thin top 14,901 Slope Fit 250 14 100 15 102 19 109 23 117 26 126 30 139

62.5 0 0 0 0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 9B—cont'd. Summary of Indirect—-Model Projections for Data with Outlier Exclusions

Projected Number of Cylinders Below Thickness Criterion

Thick. 2003 2005 2010 2015 2020 2025
Pop. Spec Esti— 95% Esti—- 95% Esti— 95% Esti—- 95% Esti- 95% Esti— 95%
Population Total Model (mils) mate UCB mate UCB mate UCB mate UCB mate UCB mate UCB
PORTS thin (P-scan data) 17,26¢ Slope Fit 250 673 1,010 784 1,160 1,112 1,583 1,506 2,064 1,954 2,596 2,442 3,175
62.5 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
PORTS thin top 8,501 Slope Fit 250 7 45 8 48 10 55 13 63 16 71 19 81
62.5 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
PORTS thin bottom 8,768 Slope Fit 250 7 43 8 47 10 57 14 67 18 79 22 92
62.5 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
ETTP/PGDP/PORTS thick top 962 Slope Fit 500 1 3 1 3 1 3 1 3 1 3 1 4
62.5 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
ETTP/PGDP/PORTS thick bottom 1,062 Slope Fit 500 6 14 6 14 6 14 6 15 6 16 6 16
62.5 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
ETTP/PGDP/PORTS thin skirted top 2,285 Slope=1 250 20 53 24 60 34 81 47 104 62 130 81 159
62.5 0 1 0 1 0 2 0 3 1 4 1 5
0 0 0 0 0 0 1 0 1 0 2 0 2
ETTP/PGDP/PORTS thin skirted btm 2,487 Slope=1 250 84 165 93 180 119 219 148 259 179 301 212 344
62.5 3 13 4 15 5 20 7 26 10 33 13 40
0 1 8 2 9 3 12 4 15 5 19 7 24
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Table 9B—cont'd. Summary of Indirect—-Model Projections for Data with Outlier Exclusions

Projected Number of Cylinders Below Thickness Criterion

Thick. 2003 2005 2010 2015 2020 2025
Pop. Spec Esti— 95% Esti— 95% Esti— 95% Esti— 95% Esti- 95% Esti— 95%
Population Total Model (mils) mate UCB mate UCB mate UCB mate UCB mate UCB mate UCB
ETTP/PGDP/PORTS thick skirted 2,024 Slope=1 500 15 48 17 53 23 67 30 82 38 98 48 115
62.5 0 3 0 3 0 4 1 5 1 7 1 9
0 0 2 0 2 0 3 0 4 1 5 1 7
ETTP/PGDP/PORTS 1/2" (30" dia.) top 1,317 Slope=1 100 0 1 0 2 0 2 0 3 1 5 1 6
62.5 0 1 0 1 0 2 0 2 0 3 1 4
0 0 1 0 1 0 1 0 1 0 2 0 3
ETTP/PGDP/PORTS 1/2" (30" dia.) btm 1,646 Slope=1 100 1 9 1 10 2 14 3 18 4 23 6 28
62.5 1 6 1 7 1 10 2 14 3 18 4 22




Table 10B. Summary of Direct-Model Projections for Data with Outlier Exclusions

Projected Number of Cylinders Below Minimum Thickness Criteria
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Thick. 2003 2005 2010 2015 2020 2025
Pop. Spec Esti—- Esti- Esti- Esti— Esti— Esti—-
Cylinder Population Total (mils) mate mate mate mate mate mate
ETTP thin (P-scan data) 4,037 250 1,211 1,269 1,404 1,521 1,621 1,706
62.5 1 1 1 1 1 1
0 1 1 1 1 1 1
ETTP thin, K-yard bottom 1,167 250 61 64 71 78 86 95
62.5 0 0 0 0 0 0
0 0 0 0 0 0 0
ETTP thin, except K-yard bottom 2,870 250 102 110 129 148 165 182
62.5 0 0 0 0 0 0
0 0 0 0 0 0 0
PGDP thin (P—scan data) 32,231 250 1,723 1,944 2,535 3,086 3,632 4,160
62.5 5 5 5 5 5 5
0 5 5 5 5 5 5
PGDP thin bottom, former G-yard 1,983 250 67 72 82 92 102 110
62.5 0 0 0 0 0 0
0 0 0 0 0 0 0
PGDP thin btm, excpt fmr G-yard 15,347 250 142 163 226 301 376 442
62.5 2 2 2 2 2 2
0 2 2 2 2 2 2
PGDP thin top 14,901 250 117 136 188 247 314 375
62.5 2 2 2 2 2 2
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Table 10B—cont’'d. Summary of Direct-Model Projections for Data with Outlier Exclusions

Projected Number of Cylinders Below Minimum Thickness Criteria

Thick. 2003 2005 2010 2015 2020 2025
Pop. Spec Esti—- Esti- Esti- Esti— Esti— Esti—-
Cylinder Population Total (mils) mate mate mate mate mate mate
PORTS thin (P-scan data) 17,268 250 977 1,104 1,420 1,715 2,019 2,284
62.5 3 3 3 3 3 3
0 3 3 3 3 3 3
PORTS thin top 8,501 250 45 52 76 103 133 166
62.5 1 1 1 1 1 1
0 1 1 1 1 1 1
PORTS thin bottom 8,768 250 43 51 75 104 134 167
62.5 1 1 1 1 1 1
0 1 1 1 1 1 1
ETTP/PGDP/PORTS thick top 962 500 6 7 9 12 14 16
62.5 0 0 0 0 0 0
0 0 0 0 0 0 0
ETTP/PGDP/PORTS thick bottom 1,062 500 6 7 9 12 14 16
62.5 0 0 0 0 0 0
0 0 0 0 0 0 0
ETTP/PGDP/PORTS thin skirted top 2,285 250 31 33 40 48 55 61
62.5 0 0 0 0 0 0
0 0 0 0 0 0 0
ETTP/PGDP/PORTS thin skirted btm 2,487 250 44 48 58 67 76 85
62.5 0 0 0 0 0 0
0 0 0 0 0 0 0
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Table 10B—cont’'d. Summary of Direct-Model Projections for Data with Outlier Exclusions

Projected Number of Cylinders Below Minimum Thickness Criteria

Thick. 2003 2005 2010 2015 2020 2025

Pop. Spec Esti—- Esti- Esti- Esti— Esti— Esti—-

Cylinder Population Total (mils) mate mate mate mate mate mate
ETTP/PGDP/PORTS thick skirted 2,024 500 0 0 0 0 0 0
62.5 0 0 0 0 0 0
0 0 0 0 0 0 0
ETTP/PGDP/PORTS 1/2" (30" dia.) top 1,317 100 0 0 0 0 0 0
62.5 0 0 0 0 0 0
0 0 0 0 0 0 0
ETTP/PGDP/PORTS 1/2" (30" dia.) btm 1,646 100 0 0 0 0 0 0
62.5 0 0 0 0 0 0
0 0 0 0 0 0 0
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Table 9C. Indirect-Model Projections (Projected Proportions) for Target Years and Minimum Thickness Criteria

Projected Proportion of Cylinders Below Thickness Criterion

Thick. 2003 2005 2010 2015 2020 2025
Pop. Spec Esti— 95% Esti—- 95% Esti— 95% Esti- 95% Esti- 95% Esti—- 95%
Population Total Model (mils) mate UCB mate UCB mate UCB mate UCB mate UCB mate UCB
ETTP thin (P-scan data) 4,037 Slope=1 250 .4275 .4911 .4693 .5373 .5681 .6457 .6549 .7361 .7279 .8073 .7875 .8613

62.5 .0019 .0090 .0025 .0113 .0050 .0186 .0089 .0287 .0147 .0417 .0227 .0577
0 .0004 .0029 .0006 .0037 .0012 .0066 .0023 .0108 .0041 .0166 .0068 .0241

ETTP thin, K-yard bottom 1,167 Slope=1 250 .0662 .1123 .0738 .1222 .0939 .1475 .1154 .1732 .1379 .1991 .1610 .2248
62.5 .0013 .0053 .0015 .0062 .0023 .0085 .0033 .0113 .0046 .0146 .0062 .0182
0 .0005 .0027 .0006 .0031 .0010 .0044 .0015 .0060 .0021 .0079 .0028 .0100

ETTP thin, except K-yard bottom 2,870 Slope=1 250 .0501 .0978 .0563 .1071 .0731 .1306 .0912 .1544 .1102 .1781 .1299 .2016
62.5 .0018 .0083 .0021 .0095 .0032 .0129 .0045 .0167 .0061 .0210 .0079 .0256
0 .0009 .0049 .0010 .0056 .0016 .0077 .0023 .0102 .0032 .0130 .0042 .0161

PGDP thin (P-scan data) 32,231 Slope Fit 250 .0779 .1297 .0908 .1486 .1299 .2011 .1783 .2589 .2344 .3200 .2956 .3843
62.5 .0000 .0002 .0000 .0003 .0001 .0006 .0002 .0011 .0003 .0019 .0005 .0030
0 .0000 .0000 .0000 .0001 .0000 .0001 .0000 .0002 .0000 .0004 .0001 .0007

PGDP thin bottom, former G-yard 1,983 Slope Fit 250 .0161 .0601 .0173 .0641 .0204 .0751 .0235 .0870 .0267 .0999 .0299 .1141
62.5 .0001 .0015 .0001 .0016 .0001 .0021 .0001 .0028 .0002 .0035 .0002 .0045
0 .0000 .0007 .0000 .0007 .0000 .0010 .0000 .0013 .0001 .0017 .0001 .0022

PGDP thin btm, excpt fmr G-yard 15,347 Slope Fit 250 .0074 .0242 .0084 .0261 .0111 .0309 .0141 .0358 .0172 .0410 .0205 .0467
62.5 .0001 .0005 .0001 .0005 .0001 .0007 .0001 .0008 .0002 .0010 .0002 .0013
0 .0000 .0002 .0000 .0002 .0000 .0003 .0000 .0004 .0001 .0005 .0001 .0006

PGDP thin top 14,901 Slope Fit 250 .0009 .0067 .0010 .0069 .0013 .0073 .0015 .0078 .0018 .0085 .0020 .0093
62.5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
0 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
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Table 9C-cont'd. Indirect—Model Projections (Projected Proportions) for Target Years and Minimum Thickness
Criteria

Projected Proportion of Cylinders Below Thickness Criterion

Thick. 2003 2005 2010 2015 2020 2025
Pop. Spec Esti- 95% Esti— 95% Esti—- 95% Esti— 95% Esti- 95% Esti—- 95%
Population Total Model (mils) mate UCB mate UCB mate UCB mate UCB mate UCB mate UCB
PORTS thin (P-scan data) 17,26S Slope Fit 250 .0390 .0585 .0454 .0672 .0644 .0917 .0872 .1195 .1132 .1503 .1414 .1839

62.5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
0 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

PORTS thin top 8,501 Slope Fit 250 .0008 .0053 .0009 .0057 .0012 .0065 .0015 .0074 .0019 .0084 .0022 .0095
62.5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
0 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

PORTS thin bottom 8,768 Slope Fit 250 .0007 .0049 .0009 .0053 .0012 .0065 .0016 .0077 .0020 .0090 .0025 .0104
62.5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
0 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

ETTP/PGDP/PORTS thick top 962 Slope Fit 500 .0010 .0030 .0010 .0031 .0010 .0032 .0011 .0034 .0011 .0036 .0011 .0038
62.5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
0 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

ETTP/PGDP/PORTS thick bottom 1,062 Slope Fit 500 .0055 .0129 .0056 .0131 .0057 .0136 .0058 .0142 .0060 .0147 .0061 .0153
62.5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
0 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

ETTP/PGDP/PORTS thin skirted top 2,285 Slope=1 250 .0088 .0232 .0103 .0264 .0149 .0353 .0206 .0455 .0273 .0570 .0352 .0696
62.5 .0000 .0004 .0000 .0005 .0001 .0007 .0001 .0011 .0002 .0016 .0004 .0022
0 .0000 .0001 .0000 .0002 .0000 .0003 .0000 .0005 .0001 .0007 .0001 .0010

ETTP/PGDP/PORTS thin skirted btm 2,487 Slope=1 250 .0337 .0664 .0375 .0724 .0480 .0880 .0595 .1043 .0720 .1211 .0852 .1382
62.5 .0013 .0054 .0015 .0061 .0021 .0081 .0029 .0105 .0039 .0131 .0051 .0161
0 .0006 .0031 .0007 .0035 .0010 .0047 .0015 .0062 .0020 .0078 .0026 .0097
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Table 9C-cont’d. Indirect-Model Projections (Projected Proportions) for Target Years and Minimum Thickness
Criteria

Projected Proportion of Cylinders Below Thickness Criterion

Thick. 2003 2005 2010 2015 2020 2025
Pop. Spec Esti- 95% Esti—- 95% Esti— 95% Esti—- 95% Esti- 95% Esti— 95%
Population Total Model (mils) mate UCB mate UCB mate UCB mate UCB mate UCB mate UCB

ETTP/PGDP/PORTS thick skirted 2,024 Slope=1 500 .0073.0239 .0084 .0264 .0114 .0331 .0149 .0405 .0189 .0485 .0235 .0569
62.5 .0001 .0013 .0002 .0015 .0002 .0020 .0004 .0027 .0005 .0035 .0007 .0044
0 .0001 .0009 .0001 .0011 .0002 .0015 .0002 .0020 .0004 .0026 .0005 .0033

ETTP/PGDP/PORTS 1/2" (30" dia.) top1,317 Slope=1 100 .0026 .0123 .0030 .0137 .0042 .0173 .0056 .0214 .0073 .0258 .0093 .0306
62.5 .0019 .0098 .0022 .0110 .0031 .0140 .0042 .0174 .0055 .0211 .0071 .0251
0 .0012 .0069 .0014 .0078 .0020 .0100 .0027 .0126 .0036 .0154 .0046 .0185

ETTP/PGDP/PORTS 1/2" (30" dia.) btm1,646 Slope=1 100 .0040 .0179 .0046 .0198 .0064 .0250 .0085 .0306 .0110 .0367 .0138 .0432
62.5 .0029 .0144 .0034 .0160 .0047 .0203 .0064 .0250 .0083 .0302 .0106 .0358
0 .0018 .0102 .0021 .0114 .0030 .0146 .0041 .0183 .0054 .0222 .0069 .0266




Table 10C. Direct—Model Projections (Projected Proportions) for Target Years and Thickness Criteria

Projected Proportion of Cylinders Below Minimum Thickness Criteria
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Thick. 2003 2005 2010 2015 2020 2025

Pop. Spec Esti— Esti—- Esti- Esti— Esti— Esti—-

Cylinder Grouping Total (mils) mate mate mate mate mate mate
ETTP thin (P-scan data) 4,037 250 .3863 4033 4405 4710 .4959 .5165
62.5 .0036 .0039 .0046 .0052 .0057 .0062

0 .0016 .0017 .0023 .0026 .0030 .0033

ETTP thin, K-yard bottom 1,167 250 .0590 .0616 .0678 .0740 .0808 .0881
62.5 .0027 .0029 .0031 .0033 .0036 .0040

0 .0008 .0009 .0014 .0018 .0022 .0027

ETTP thin, except K-yard bottom 2,870 250 .0464 .0494 .0569 .0639 .0707 .0773
62.5 .0016 .0019 .0023 .0028 .0032 .0035

0 .0004 .0006 .0008 .0011 .0015 .0019

PGDP thin (P—scan data) 32,231 250 .0603 .0672 .0854 .1026 1195 .1357
62.5 .0010 .0012 .0016 .0022 .0028 .0034

0 .0004 .0005 .0006 .0009 .0012 .0015

PGDP thin bottom, former G-yard 1,983 250 .0409 .0432 .0486 .0536 .0583 .0627
62.5 .0019 .0021 .0025 .0028 .0031 .0034

0 .0005 .0006 .0009 .0012 .0015 .0019

PGDP thin btm, excpt fmr G-yard 15,347 250 .0171 .0188 .0232 .0285 .0335 .0382
62.5 .0006 .0007 .0009 .0012 .0016 .0021

0 .0002 .0002 .0003 .0005 .0005 .0008

PGDP thin top 14,901 250 .0147 .0161 .0198 .0238 .0282 .0323

62.5 .0006 .0006 .0009 .0011 .0015 .0019

0 .0002 .0002 .0003 .0004 .0005 .0007
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Table 10C-cont'd. Direct-Model Projections (Projected Proportions) for Target Years and Thickness Criteria

Projected Proportion of Cylinders Below Minimum Thickness Criteria

Thick. 2003 2005 2010 2015 2020 2025

Pop. Spec Esti— Esti—- Esti- Esti— Esti— Esti—-

Cylinder Grouping Total (mils) mate mate mate mate mate mate
PORTS thin (P-scan data) 17,26 250 .0634 .0708 .0890 .1062 .1237 .1390
62.5 .0011 .0012 .0017 .0023 .0029 .0035

0 .0004 .0005 .0007 .0009 .0012 .0015

PORTS thin top 8,501 250 .0120 .0131 .0160 .0193 .0228 .0266

62.5 .0005 .0006 .0008 .0011 .0014 .0018

0 .0002 .0002 .0003 .0004 .0005 .0007

PORTS thin bottom 8,768 250 .0119 .0131 .0161 .0194 .0230 .0269

62.5 .0005 .0006 .0008 .0011 .0014 .0018

0 .0002 .0002 .0003 .0004 .0005 .0007

ETTP/PGDP/PORTS thick top 962 500 .0135 .0144 .0169 .0194 .0215 .0235
62.5 .0001 .0001 .0001 .0001 .0001 .0001

0 .0001 .0001 .0001 .0001 .0001 .0001

ETTP/PGDP/PORTS thick bottom 1,062 500 .0134 .0143 .0168 .0193 .0215 .0234
62.5 .0001 .0001 .0001 .0001 .0001 .0001

0 .0001 .0001 .0001 .0001 .0001 .0001

ETTP/PGDP/PORTS thin skirted top 2,285 250 .0208 .0218 .0247 .0280 .0312 .0339
62.5 .0015 .0016 .0022 .0023 .0027 .0028

0 .0004 .0004 .0006 .0009 .0013 .0015

ETTP/PGDP/PORTS thin skirted btm 2,487 250 .0249 .0265 .0303 .0340 .0376 .0411
62.5 .0017 .0020 .0023 .0025 .0028 .0030

0 .0004 .0006 .0008 .0011 .0014 .0016
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Table 10C-cont'd. Direct-Model Projections (Projected Proportions) for Target Years and Thickness Criteria

Projected Proportion of Cylinders Below Minimum Thickness Criteria

Thick. 2003 2005 2010 2015 2020 2025

Pop. Spec Esti— Esti—- Esti- Esti— Esti— Esti—-

Cylinder Grouping Total (mils) mate mate mate mate mate mate
ETTP/PGDP/PORTS thick skirted 2,024 500 .0030 .0031 .0036 .0040 .0047 .0053
62.5 .0001 .0001 .0001 .0001 .0001 .0001

0 .0001 .0001 .0001 .0001 .0001 .0001

ETTP/PGDP/PORTS 1/2" (30" dia.) top 1,317 100 .0004 .0004 .0004 .0007 .0010 .0012
62.5 .0001 .0001 .0004 .0004 .0004 .0006

0 .0001 .0001 .0001 .0001 .0001 .0003

ETTP/PGDP/PORTS 1/2" (30" dia.) btm1,646 100 .0004 .0004 .0005 .0008 .0011 .0014
62.5 .0001 .0002 .0004 .0004 .0004 .0007

0 .0001 .0001 .0001 .0001 .0002 .0004




Table 11. Cylinders Excluded from Tables 9B (Indirect Model) or 10B (Direct Model

Max.  Min. Year Measure- Model(s)
Pit  Thick- Meas—- ment Excluded
Cylinder Grouping Depth ness ured Method Cylinder For
ETTP thin (P-scan data) 180 140 1994 P-Scan 00734000 Indirect
315 0 1992 Visual 00795300 Both
315 0 1992 Visual 10124400 Both
ETTP thin, except K-yard bottom 205 134 2001 Man-UT 01202700 Both
182 161 2001 Man-UT 11679700 Both
PGDP thin btm, excpt fmr G-yard 217 124 2001 Man-UT 00553900 Both

208 141 2001 Man-UT 01036700  Both
240 124 2001 Man-UT 01374300 Both
172 186 2001 Man-UT 11290300 Both
PORTS thin bottom 183 2002 Man-UT 11431000 Both
ETTP/PGDP/PORTS thick bottom 34 464 1998 Man-UT 00238000 Direct
ETTP/PGDP/PORTS 1/2" (30" dia.) top 168 332 1999 Man-UT D2364600 Indirect
424 97 1999 Man-UT D2789500 Both
181 353 1999 Man-UT D3472600 Indirect
241 255 2002 Man-UT  D3472900 Both
189 201 2001 Man-UT D3597000 Both
340 164 1999 Man-UT D3722700 Both
251 236 1999 Man-UT D3909600 Both
280 250 2001 Man-UT D5192900 Both
167 376 2001 Man-UT D7784700 Indirect
284 209 2001 Man-UT WO0049200 Both
ETTP/PGDP/PORTS 1/2" (30" dia.) btm 173 317 2002 Man-UT D3124900 Both
339 199 2001 Man-UT D3175600 Both
313 187 1999 Man-UT D3478700 Both
196 284 1999 Man-UT D3870400 Both
334 171 2001 Man-UT D3920100 Both
205 274 1999 Man-UT D3954600 Both
234 305 2002 Man-UT D4260300 Both

Proportions Projections. The projections in Tables 9A and 10A can also be usedeatéve basis, for
example, to prioritize cylinder groups. Because biasgsetvative or otherwise, tend to cancel out in
comparisons, comparisons tend to be more robust thalutgbestimates. For such comparisons, it is
convenient to examine proportions of cylinders retatovcylinder count totals rather than the totals
themselves. Tables 9C and 10C are the analogs of T&bkesd 10A with proportions of cylinders rather
than absolute counts. Disregarding the P-scan rethdtsables show the cylinder groups where individual
cylinders are projected most likely to fail eithise toreach or 62.5 mil criteria. In decreasing ordher fitst
four groups for the indirect model (Table 9C) are ETHIR-wall, K-yard bottom; ETTP thin-wall, except
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K-yard bottom; thin, skirted bottom cylinders; andB¥sformer G-yard bottom cylinders. For the direct
model (Table 10C), the first four groups are ETTP thili;wayard bottom; ETTP thin-wall, except K-
yard bottom; PGDP former G-yard bottom; and thin;tellibottom cylinders. Though the two tables differ
in the proportions, the subpopulation risk rankings basdgteproportions are about the same.

Projections by Cylinder Group and Age. Because the likelihood that a cylinder will fail arfieular
thickness criteria depends on both the cylinder’s subptipaland age, and because the cylinder
subpopulations have different cylinder age distributiémgysing on subpopulations in general can be
misleading. For example, the “average” cylinder large subpopulation composed of many new cylinders
and a few very old ones may have only a tiny chafdailing a particular criteria, but the oldest cyans

in the same population might nevertheless be likefgito Therefore it is useful to examine cylinders
grouped by both subpopulation and age.

Table 12 lists cylinder groups by both subpopulation and Bgeeach subpopulation and age group, the
table lists the direct and indirect-model risk eatias expressed as percentages of cylinders expectad to f
the 62.5 mil thickness criteria. The estimates areesged as percentages (100 times the corresponding
probability estimates) because the probabilities are veayl sumbers. The groups are listed in descending
order of their direct-model risk percentage estisate

Many of the age-subpopulation groups have the same esti®ab06, of the percentage of noncompliant
cylinders. The value .01506 is 100/(2(N+1)), where N=3,318 isuh®er of observations in the direct-
model regression. Without additional assumptionss@add be implied for example by a continuous
distribution function), the value 1/(2(N+1)) is a lowenilion what a reasonable estimate of the failure
percentage should be. This is discussed in Schmoyer (1988% the direct model cannot resolve
probabilities smaller than 1/(2(3,318+1)) = .0001506. This lowerdalso contributes to the direct-
model’s tendency to overestimate the numbers of &slof the breach or 62.5 mil criteria.

Table 12 shows that it is the combination of both agesabpopulation together that leads to the highest
percentage risks. For example, the direct-modelpeéskentage estimate for the age-47 ETTP, thin-wall, K-
yard bottom cylinders is .295%. That is, the probahlifigt one of these cylinders will fail the 62.5 mil
spec is estimates to be .00295. The corresponding probabtiityate for Portsmouth, thin-wall, bottom
cylinders is .00219. However, the estimate in Table 9@ebverall probability of failing the 62.5 mil
criterion is .0013 for the ETTP, thin-wall, K-yard lkastt cylinders, while the corresponding estimate for
Portsmouth, thin-wall, bottom cylinders is .0000. The digtribution charts in Figures 19 and 27 show
that the ETTP, K-yard bottom cylinders are much otiieaverage than the Portsmouth cylinders. But the
age-specific failure rate estimate for the age-47 Rogh cylinders is nearly as high as the rate fer th
age-47 ETTP, K-yard bottom cylinders. The age-47 Poutimcylinders should not be discounted simply
because they belong to a subpopulation of cylinders tlyatuisger on the whole.

Table 12 is for the 62.5 mil thickness criterion, but tafide®ther criteria are similar. The direct and
indirect models are evaluated and compared furthieinext section.
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Table 12. Cylinder Population/Age Groups With Highest Estimated
Percentage Failing the 62.5 Mil Thickness Criteria
(By Descending Direct—-Model Percentage Estimate)

Ind. Model Dir. Model

Estimated  Ind. Estimated

Percentage Model Percentage
Cylinder Population Age N Outof Spec* Rank Outof Spec*
ETTP thin, except K-yard bottom 47 37 45363 1 29771
ETTP thin, K-yard bottom 47 32 .18651 10 .29529
ETTP thin, except K-yard bottom 46 373 42394 2 .28954
ETTP thin, K-yard bottom 46 357 17107 13 .28784
ETTP thin, except K-yard bottom 44 45 .36801 3 .28626
ETTP thin, K-yard bottom 44 53 14277 15 .28623
PGDP thin btm, excpt fmr G-yard 47 280 .02399 30 .28623
ETTP thin, K-yard bottom 43 40 .12988 16 .28623
ETTP thin, except K-yard bottom 43 34 34177 4 .28621
PGDP thin btm, excpt fmr G-yard 46 30 .02286 31 .28575
PGDP thin bottom, former G-yard 44 336 .01017 44 .28409
ETTP thin, K-yard bottom 41 168 .10649 18 .28148
ETTP thin, except K-yard bottom 41 168 .29268 6 .28121
PGDP thin bottom, former G-yard 43 548 .00965 45 27467
PGDP thin top 47 257 .00013 92 27234
ETTP thin, except K-yard bottom 40 472 .26982 7 .26472
ETTP thin, K-yard bottom 40 482 .09595 20 .26227
PGDP thin btm, excpt fmr G-yard 44 769 .02067 32 .25258
PGDP thin top 46 36 .00013 93 .24919
ETTP thin, except K-yard bottom 39 29 .24806 8 .23921
ETTP thin, K-yard bottom 39 33 .08614 22 .23508
PGDP thin bottom, former G-yard 41 250 .00866 47 .23083
PGDP thin btm, excpt fmr G-yard 43 631 .01962 33 .22917
ETTP/PGDP/PORTS thin skirted btm47 456 17595 11 .22899
PGDP thin top 45 1 .00012 94 .22834
PORTS thin bottom 47 134 .00001 121 .21882
PORTS thin top 47 152 .00001 124 .21549
ETTP/PGDP/PORTS thin skirted btm46 1391 .16260 14 .21226
PGDP thin bottom, former G-yard 40 138 .00818 49 21177

*Five significant digits are used here because of the weidge of the percentages.
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Table 12—-cont’d. Cylinder Population/Age Groups

Ind. Model Dir. Model

Estimated Ind. Estimated

Percentage Model Percentage
Cylinder Population Age N Outof Spec Rank Outof Spec
PGDP thin top 44 364 .00012 95 21132
PORTS thin bottom 46 929 .00001 123 .20307
PORTS thin top 46 911 .00001 125 .20097
PGDP thin bottom, former G-yard 39 8 .00772 52 .19948
PGDP thin top 43 985 .00011 97 .19857
ETTP/PGDP/PORTS thin skirted top47 436 .00548 57 .19829
PGDP thin btm, excpt fmr G-yard 41 199 .01759 34 19725
PGDP thin btm, excpt fmr G-yard 40 227 .01662 36 .19584
ETTP/PGDP/PORTS thin skirted top46 1245 .00480 61 .19584
PORTS thin bottom 44 41 .00001 127 .19565
PGDP thin btm, excpt fmr G-yard 39 34 .01568 38 .19451
PGDP thin top 41 626 .00010 98 .19428
PORTS thin bottom 43 44 .00001 128 .19136
ETTP thin, except K-yard bottom 35 10 17186 12 .18944
PGDP thin top 40 269 .00010 99 .18241
PGDP thin top 39 45 .00009 100 .16805
PORTS thin bottom 41 13 .00001 133 .16615
PORTS thin top 41 163 .00001 131 .16544
PGDP thin bottom, former G-yard 35 13 .00600 55 .16425
PORTS thin bottom 40 7 .00001 139 .15834
PORTS thin top 40 64 .00001 137 .15561
PORTS thin bottom 39 7 .00001 142 .14089
PORTS thin top 39 40 .00001 141 13914
PGDP thin btm, excpt fmr G-yard 35 162 .01218 41 13791
PGDP thin btm, excpt fmr G-yard 34 1 .01138 43 .13188
ETTP thin, except K-yard bottom 31 10 11219 17 .13150
PGDP thin top 35 143 .00008 101 11994
ETTP thin, except K-yard bottom 30 20 .09971 19 11353
PGDP thin bottom, former G-yard 31 13 .00451 62 10727
ETTP thin, except K-yard bottom 29 903 .08816 21 .10365
PORTS thin bottom 35 8 .00000 148 .10186
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Table 12—-cont’d. Cylinder Population/Age Groups

Ind. Model Dir. Model
Estimated Ind. Estimated
Percentage Model Percentage

Cylinder Population Age N Outof Spec Rank Outof Spec
PORTS thin top 35 50 .00001 146 .09996
PGDP thin bottom, former G-yard30 179 .00417 64 .09873
PGDP thin btm, excpt fmr G-yard 31 27 .00914 46 .09148
PGDP thin bottom, former G-yard29 95 .00384 66 .08066
ETTP thin, except K-yard bottom 27 239 .06773 23 .07575
PGDP thin btm, excpt fmr G-yard 30 308 .00845 48 .07548
PGDP thin top 31 29 .00006 102 .07540
PGDP thin btm, excpt fmr G-yard 29 141 .00778 50 .07519
PGDP thin top 30 175 .00006 103 .07347
ETTP thin, except K-yard bottom 26 316 .05879 24 .06811
PGDP thin bottom, former G-yard27 39 .00323 68 .06429
PORTS thin bottom 31 133 .00000 155 .05456
PORTS thin top 31 119 .00000 152 .05205
PGDP thin top 29 87 .00006 104 .05197
ETTP thin, except K-yard bottom 25 175 .05067 25 .04816
PGDP thin bottom, former G-yard26 275 .00295 70 .04690
PORTS thin bottom 30 529 .00000 158 .04528
PORTS thin top 30 423 .00000 153 .04524
ETTP thin, except K-yard bottom 24 10 .04333 26 .04521
PGDP thin btm, excpt fmr G-yard 27 185 .00655 53 .04521
PGDP thin bottom, former G-yard25 84 .00268 71 .04520
PORTS thin bottom 29 522 .00000 160 .04519
PORTS thin top 29 490 .00000 154 .04519
ETTP thin, except K-yard bottom 23 17 .03674 27 .04519
PGDP thin top 27 146 .00005 106 .04519
PGDP thin btm, excpt fmr G-yard 26 1021 .00597 56 .04519
PORTS thin top 28 1 .00000 157 .04519
PGDP thin btm, excpt fmr G-yard 25 1234 .00542 58 .04519
PGDP thin btm, excpt fmr G-yard 24 25 .00490 60 .04519
PGDP thin btm, excpt fmr G-yard 23 331 .00441 63 .04519
PGDP thin top 26 988 .00005 107 .04519
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Table 12—-cont’d. Cylinder Population/Age Groups

Ind. Model Dir. Model
Estimated Ind. Estimated
Percentage Model Percentage

Cylinder Population Age N Outof Spec Rank Outof Spec
PORTS thin bottom 27 128 .00000 163 .04519
PGDP thin top 25 1138 .00004 108 .04519
PORTS thin top 27 127 .00000 159 .04519
PORTS thin top 26 638 .00000 161 .04519
PORTS thin bottom 26 772 .00000 165 .04519
PGDP thin top 24 15 .00004 109 .04519
ETTP thin, except K-yard bottom 22 3 .03086 28 .04519
PORTS thin bottom 25 111 .00000 167 .04519
PORTS thin top 25 112 .00000 162 .04519
PGDP thin btm, excpt fmr G-yard 22 1255 .00394 65 .04519
ETTP thin, except K-yard bottom 21 6 .02565 29 .04519
PGDP thin top 23 295 .00004 110 .04519
ETTP/PGDP/PORTS thin skirted btm 24 446 .01146 42 .04511
PORTS thin bottom 24 416 .00000 170 .04502
PORTS thin top 24 400 .00000 164 .04483
PGDP thin top 22 1113 .00003 111 .04104
PGDP thin btm, excpt fmr G-yard 21 968 .00351 67 .03753
ETTP/PGDP/PORTS thin skirted top 24 420 .00005 105 .03284
PORTS thin bottom 23 17 .00000 172 .02314
PORTS thin top 23 16 .00000 166 .02087
PGDP thin top 21 906 .00003 113 .01534
ETTP/PGDP/PORTS thin skirted btm 22 5 .00773 51 .01519
ETTP/PGDP/PORTS 1/2" (30" dia.) btm49 1601 .29834 5 .01509
PGDP thin btm, excpt fmr G-yard 20 1 .00310 69 .01507
PORTS thin bottom 22 280 .00000 173 .01507
PORTS thin top 22 257 .00000 168 .01507
ETTP/PGDP/PORTS thin skirted top 22 8 .00003 114 .01506*
ETTP/PGDP/PORTS thin skirted btm 21 185 .00624 54 .01506
ETTP/PGDP/PORTS 1/2" (30" dia.) top 49 1267 .19878 9 .01506
PORTS thin bottom 21 359 .00000 176 .01506
PORTS thin top 21 343 .00000 171 .01506

*Because of discreteness, 0.01506 = [2(1+3,31i8)the lower bound on the percentage
(100 x probability) estimates for the direct-model regoassethod with 3,318 measured
cylinders (see discussion in main text).
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Table 12—-cont’d. Cylinder Population/Age Groups

Ind. Model Dir. Model
Estimated Ind. Estimated
Percentage Model Percentage

Cylinder Population Age N Outof Spec Rank Outof Spec
ETTP/PGDP/PORTS thin skirted top 21 175 .00002 117 .01506
PGDP thin btm, excpt fmr G-yard 12 903 .00081 80 .01506
PGDP thin top 9 417 .00001 143 .01506
ETTP/PGDP/PORTS thick skirted 52 456 01724 35 .01506
ETTP/PGDP/PORTS thick skirted 51 473 .01569 37 .01506
ETTP/PGDP/PORTS thick skitred 50 178 .01425 39 .01506
ETTP/PGDP/PORTS thick skirted 49 644 .01290 40 .01506
ETTP/PGDP/PORTS thick skirted 41 87 .00525 59 .01506
PGDP thin btm, excpt fmr G-yard 18 55 .00237 72 .01506
ETTP thin, except K-yard bottom 12 1 .00231 73 .01506
ETTP/PGDP/PORTS thin skirted btm17 1 .00228 74 .01506
PGDP thin btm, excpt fmr G-yard 17 365 .00204 75 .01506
ETTP thin, except K-yard bottom 11 1 .00154 76 .01506
PGDP thin btm, excpt fmr G-yard 15 461 .00147 77 .01506
PGDP thin btm, excpt fmr G-yard 14 1095 .00123 78 .01506
PGDP thin btm, excpt fmr G-yard 13 639 .00100 79 .01506
PGDP thin btm, excpt fmr G-yard 11 593 .00064 81 .01506
PGDP thin bottom, former G-yard 14 1 .00061 82 .01506
PGDP thin btm, excpt fmr G-yard 10 607 .00049 83 .01506
PGDP thin bottom, former G-yard 12 3 .00041 84 .01506
PGDP thin btm, excpt fmr G-yard 9 438 .00037 85 .01506
PGDP thin bottom, former G-yard 11 1 .00032 86 .01506
ETTP/PGDP/PORTS thick skirted 24 75 .00026 87 .01506
PGDP thin btm, excpt fmr G-yard 8 1026 .00026 88 .01506
ETTP/PGDP/PORTS thick skirted 23 41 .00020 89 .01506
ETTP thin, K-yard bottom 12 2 .00020 90 .01506
PGDP thin btm, excpt fmr G-yard 7 859 .00018 91 .01506
PGDP thin btm, excpt fmr G-yard 6 409 .00011 96 .01506
PGDP thin btm, excpt fmr G-yard 4 55 .00003 112 .01506
PGDP thin top 18 64 .00002 115 .01506
PGDP thin top 17 350 .00002 116 .01506
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Table 12—-cont’d. Cylinder Population/Age Groups

Ind. Model Dir. Model
Estimated Ind. Estimated
Percentage Model Percentage

Cylinder Population Age N Outof Spec Rank Outof Spec
PGDP thin top 16 1 .00002 118 .01506
PGDP thin top 15 452 .00002 119 .01506
PGDP thin top 14 1042 .00001 120 .01506
PGDP thin top 13 648 .00001 122 .01506
PGDP thin top 12 822 .00001 126 .01506
PGDP thin top 11 590 .00001 129 .01506
ETTP/PGDP/PORTS thick bottom52 232 .00001 130 .01506
ETTP/PGDP/PORTS thick bottom51 265 .00001 132 .01506
ETTP/PGDP/PORTS thick bottom 50 95 .00001 134 .01506
ETTP/PGDP/PORTS thick skirted 14 42 .00001 135 .01506
ETTP/PGDP/PORTS thick bottom49 324 .00001 136 .01506
PGDP thin top 10 588 .00001 138 .01506
ETTP/PGDP/PORTS thick bottom41 48 .00001 140 .01506
ETTP/PGDP/PORTS thick bottom 24 40 .00001 144 .01506
ETTP/PGDP/PORTS thick bottom23 20 .00001 145 .01506
PGDP thin top 8 979 .00001 147 .01506
ETTP/PGDP/PORTS thick bottom 14 23 .00000 149 .01506
PGDP thin top 7 837 .00000 150 .01506
ETTP/PGDP/PORTS thick bottom 10 3 .00000 151 .01506
PGDP thin top 6 432 .00000 156 .01506
PGDP thin top 4 56 .00000 169 .01506
ETTP/PGDP/PORTS thick skirted 10 5 .00000 174 .01506
PORTS thin top 18 348 .00000 175 .01506
PORTS thin top 17 232 .00000 177 .01506
PORTS thin top 16 88 .00000 178 .01506
PORTS thin top 15 275 .00000 179 .01506
PORTS thin bottom 18 363 .00000 180 .01506
PORTS thin top 14 1293 .00000 181 .01506
PORTS thin bottom 17 254 .00000 182 .01506
PORTS thin top 13 607 .00000 183 .01506
PORTS thin bottom 16 88 .00000 184 .01506
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Table 12—-cont’d. Cylinder Population/Age Groups

Ind. Model Dir. Model

Estimated Ind. Estimated

Percentage Model Percentage
Cylinder Population Age N Outof Spec Rank Outof Spec
PORTS thin top 12 280 .00000 185 .01506
PORTS thin bottom 15 269 .00000 186 .01506
PORTS thin top 11 33 .00000 187 .01506
PORTS thin bottom 14 1366 .00000 188 .01506
PORTS thin top 10 148 .00000 189 .01506
PORTS thin bottom 13 605 .00000 190 .01506
PORTS thin top 9 430 .00000 191 .01506
PORTS thin bottom 12 264 .00000 192 .01506
PORTS thin top 8 110 .00000 193 .01506
PORTS thin bottom 11 31 .00000 194 .01506
PORTS thin bottom 10 157 .00000 195 .01506
PORTS thin top 7 350 .00000 196 .01506
ETTP/PGDP/PORTS 1/2" (30" dia.) btm 3 3 .00000 197 .01506
ETTP/PGDP/PORTS 1/2" (30" dia.) top 3 1 .00000 198 .01506
PORTS thin bottom 9 447 .00000 199 .01506
ETTP/PGDP/PORTS thick top 52 224 .00000 200 .01506
ETTP/PGDP/PORTS thick top 51 208 .00000 201 .01506
ETTP/PGDP/PORTS thick top 50 83 .00000 202 .01506
ETTP/PGDP/PORTS thick top 49 320 .00000 203 .01506
ETTP/PGDP/PORTS thick top 41 39 .00000 204 .01506
PORTS thin bottom 8 102 .00000 205 .01506
ETTP/PGDP/PORTS thick top 24 35 .00000 206 .01506
ETTP/PGDP/PORTS thick top 23 21 .00000 207 .01506
ETTP/PGDP/PORTS thick top 14 19 .00000 208 .01506
PORTS thin bottom 7 369 .00000 209 .01506
ETTP/PGDP/PORTS thick top 10 2 .00000 210 .01506
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6. MODEL EVALUATION AND COMPARISON

In this section, the direct and indirect modelsexauated by comparing FY02 UT scan results with
projections computed only with data obtained prior t@ZY This evaluation shows that the projected and
observed results are consistent, though, except f@s5her 500 mil thickness criteria, the evaluation is
somewhat inconclusive, because the numbers of cylipdejected or observed to fail the lower thickness
specifications in the relatively few scanned cylisdgre essentially zero. Thus this section neftjects

nor confirms the suggestion in Section 5, based omrjedgabout cylinder populations, that the projections
are conservative for the breach or 62.5 mil criteria.

Section 4 shows that the direct model leads to semeible fits than the indirect model, because theettd
model slope estimate fails to stay within its O-tdr@aretical range for eight of seventeen subpopulations.
Because the FY02 projections based on pre-FY02 data dla $onthe direct and indirect models, the
projections also do not provide much resolution betwleemwo models. However, this section also
introduces the Akaike information criterion (AIC, &ke 1974), which helps to resolve further between the
two models. The AIC suggests that the direct misdektter.

6.1. FY02 Projected vs Observed

By fitting the indirect and direct models using odbta collected prior to FY02, an assessment of the
models can be made by comparing actual FY02 sampled redthltsiodel-based projections for FY02 that
are entirely independent of the FY02 sampled resulbés dpproach can be used both to compare the two
modeling approaches and to assess the models onalntatbasis.

However, several factors complicate this evaluatibar example, the model-based minimum thickness
projections are estimates, about which actual measunatium thicknesses are expected to vary
randomly. Another complication is the low probabibfyevents like a thickness below 62.5 mils or a
breach. It is low-probability events that we would niibst to predict, yet only higher probability events,
such as “thickness < 250 mils,” are typically observezhimples. Although, both the direct and indirect
models seem to perform reasonably well at forecastingpers of cylinders with minimum thickness below
250 mils, 250 mils is much closer to the central partetliickness distribution than 62.5 or 0 mils.
Adequacy in forecasting numbers of cylinders withkiss below a value in the central part of a thickness
distribution does not automatically imply adequacy medasting numbers of cylinders with thickness
below a value in the lower tail of the distributionhelsuggestion in the last section is that the model
projections are in fact conservative for the lowsckness criteria.

For the various cylinder groups, Table 13 shows projentdd-Y02-observed numbers of cylinders with
minimum thicknesses falling below 0 and 62.5 mils, aodtHin-wall, thick-wall, and ¥2"-thick cylinders,
below 250, 500, and 100 mils respectively. The projectiofslite 13 are for FY02, but they are
computed only with data from FYO1 and before. P-scamliseare not considered at all in Table 13.

Overall, the direct model leads to a prediction tatylinders would have fallen below the upper
250/500/200 mil criterion in FY0Z2; the indirect model leada farediction of 10 cylinders. In the sample,
13 thin-wall cylinders were below the 250/500/100 mil criteri@onclusions for the other thickness
specifications are difficult to draw, because all &f piojected cylinder counts are zeros, and so atieeall
observed counts. The predictions are consistenttidtbbserved, but only in the sense that essentiily n
are predicted and none are observed. As discusseael lest section, when the projected numbers of
breaches are scaled up to estimates for entire subpopsledither than just those cylinders sampled, the
projections seem somewhat high.
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Table 13. FY02 Indirect and Direct-Model Projected and Observed Counts for Sampled Cylinders

Indirect Model Direct Model

6.

Number  Number Observed Projected Projected
in Sampled Thick.  Number Number Number
Cylinder Population Population from Pop. Spec Outof Spec Outof Spec  Outof Spec

ETTP thin, K-yard bottom 1,167 60 250 6 4 3
62.5 0 0 0
0 0 0 0
ETTP thin, except K-yard bottom 2,869 43 250 3 3 2
62.5 0 0 0
0 0 0 0
PGDP thin bottom, former G-yard 1,983 15 250 1 0 1
62.5 0 0 0
0 0 0 0
PGDP thin btm, excpt fmr G-yard 15,334 39 250 1 0 1
62.5 0 0 0
0 0 0 0
PGDP thin top 14,896 23 250 1 0 0
62.5 0 0 0
0 0 0 0
PORTS thin top 8,500 63 250 0 0 1
62.5 0 0 0
0 0 0 0
PORTS thin bottom 8,765 54 250 1 0 1
62.5 0 0 0
0 0 0 0
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Table 13—-con’t. FY02 Indirect and Direct—Model Projected and Observed Counts for Sampled Cylinders

Indirect Model Direct Model

Number  Number Observed Projected Projected
in Sampled Thick.  Number Number Number
Cylinder Population Population from Pop. Spec Outof Spec Outof Spec  Outof Spec

ETTP/PGDP/PORTS thick top 951 18 500 0 0 0
62.5 0 0 0
0 0 0 0
ETTP/PGDP/PORTS thick bottom 1,050 18 500 0 0 0
62.5 0 0 0
0 0 0 0
ETTP/PGDP/PORTS thin skirted top 2,284 42 250 0 1 1
62.5 0 0 0
0 0 0 0
ETTP/PGDP/PORTS thin skirted btm 2,484 33 250 0 2 1
62.5 0 0 0
0 0 0 0
ETTP/PGDP/PORTS thick skirted 2,001 36 500 0 0 0
62.5 0 0 0
0 0 0 0
ETTP/PGDP/PORTS 1/2" (30" dia.) top 1,268 11 100 0 0 0
62.5 0 0 0
0 0 0 0
ETTP/PGDP/PORTS 1/2" (30" dia.) btm 1,604 14 100 0 0 0
62.5 0 0 0
0 0 0 0




6.2. Comparison by Akaike Information Criterion

Comparing the direct and indirect models is diffikadtause the numbers of parameters in the two models
differ substantially. For the seventeen cylindeugs) the direct model has nineteen parameters, ingludin
the standard deviation. The indirect model has, 381 parameters, including seventeen standard
deviations, bubhot including parameters for the initial thickness disttion. Increasing the number of
parameters in a model automatically improves modeidicriteria (e.g., the sum of squared regression
residuals), which measure departures between the nikbeelend observed data. However, having more
parameters does not automatically imply that a motlgbrvide better projections of future

measurements. (Otherwise arbitrarily high-order pmiyials could be used to predict anything.) Increasing
the number of parameters can in fact make future prajectivorse, because they become more susceptible
to statistical error in the data.

The same logic applies whether the model fit criteridased on sums of squared residuals or differences
between observed and projected numbers below variousdbikriteria. When the same data is used both
to fit models and to evaluate their performance, coispias of the models should be adjusted to account for
differences in numbers of parameters. However, hawatke such an adjustment is not an easy question.
In this section, one such adjustment is considefds: point is not to consider the details of the ddjest

itself, but rather simply to illustrate that after assting for one such adjustment, the direct model does
seem better than the indirect model.

Akaike (1974) considered the problem of comparing modisdifferent numbers of parameters and
developed a basis for model comparisons that has bdcawa as the Akaike information criterion (AIC).
The AIC is defined as

AIC = -2 (log-likelihood) + 2 (number of model parameters),

where “log-likelihood” denotes the maximized logelikood, and the method of maximum likelihood is the
statistical method for estimating the parameterse [dwer the AIC, the better the model fit. Theoset

term in the AIC incorporates a penalty proportionah®number of model parameters, because having
more parameters reduces the log-likelihood but doesauassarily improve model-based predictions of new
measurements.

For a given thickness criteri@, and for any minimum thickness measurement y, leintifieator function
Ic be defined as

For each measured cylindewith minimum thickness measurement l-(y;) is 1 if y; is at or below the
thickness criterioi€, andl(y;) is O otherwise. For each cylindetet p, denote the probability, under
either the direct or indirect model, that the mmimthickness is belo@. Then for all measured cylinders,
the probability of the observed number of cylinders withimum thickness belo® is

lc () -l (y;
I e @p)'e™.

All cylinders i

Under either the direct or indirect (or other) mpdachp, can be estimated using the model’s parameter
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estimates. Lep, denote such an estimate. If tliehparameters are estimated by the method of
maximum likelihood, then for all of the measured aydirs, the likelihood of the observed number with
minimum thickness beloW is the probability of the observed number with minimuitkiess evaluated at
the p, , and the log-likelihood is thus

E IC (y|) Iog (ﬁ.) + (1_IC (y|)) Iog (1_pi)-

All cylinders i

The indirect and direct model parameter estimatioleast squares regression is not necessarily the aam
maximum likelihood estimation, but the two estimatippr@aches lead to similar estimates. Thus the log-
likelihoods can be evaluated approximately by pluggingérdirect or indirect-model estimates.

Table 14 shows the direct and indirect-model approxitogtékelihood and AIC criteria for the 0, 62.5,
and 250 mil criteria:

Table 14. Values of the Log-likelihood and Akaike Information Criterion (AlC)

) Indirect Modd Direct Modéd
Thickness
Criterion L og-likelihood AlC L og-likelihood AlC
0 -19.93 141.86 -23.31 84.62
62.5 -16.20 135.50 -22.87 83.74
250 -13,133.57 32,339.32 -632.78 1,303.56

Table 14 shows that even without imposing the AIC perfiaitthe number of model parameters, the log-
likelihood for the direct model is greater (lesgative) than the log-likelihood for the indirect ded, for the
250 mil criteria. For the 0 and 62.5 mil criteria, thg-li&elihood is greater for the indirect model, but by
an amount that is small relative to the AIC adjustmé&fith the adjustment, the AIC is substantially
smaller for the direct model. Although the likelifubis approximated here, these results suggest that the
direct model is better, in this adjusted sense.
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7.LIMITATIONS, CONCLUSIONS, AND RECOMMENDATIONS

Recap. UFg storage cylinder corrosion models are developéaisireport for projecting numbers of
cylinders expected to fail various thickness critefata collected during FY02 is combined with
previously collected UT data to update cylinder comosnodels. The CID is used to update cylinder
subpopulation counts and to discount cylinders paintedglth@last ten years from cylinders assumed, in
the calculations, to be at risk of continuing degriadabecause of corrosion.

Two different corrosion modeling approaches are daned. An indirect model relates maximum pit depths
to cylinder age and subpopulation. The maximum pit depéhaa measured directly, but rather are
estimated as differences between maximum and minimwasurned wall thicknesses. In order to estimate
minimum wall thicknesses, the maximum pit depth modebmbined with an initial thickness model using
mathematics that assumes statistical independertbe distributions of the initial thicknesses and
maximum pit depths. The independence assumption coyldofa@ixample if steel quality and the initial
thickness are correlated. The indirect modelas tiised to compute point estimates of the numbers of
noncompliant cylinders. UCLs corresponding to thepestimates are also developed, but they seem too
conservative to be useful.

A second corrosion modeling approach is based oreet ditodel that relates measured minimum wall
thickness directly to cylinder age, subpopulation, ait@i thickness estimates. The initial thickness
estimates are incorporated into the minimum thicknesdel, and the assumption that initial thickness and
pit depth are statistically independent is avoidetle direct-model approach also avoids problems with
maximum pit depth estimates, which require good measutsrogwall thicknesses maxima measured at
relatively uncorroded areas of cylinder surfacesjmss to be as new. The direct model admits better
incorporation of the information that there is zeoorosion at age zero; the indirect model doesnadte

good use of this information, because, in the indimemdel, pit depths are lognormally distributed and-zero
depth pits are inadmissable on the log scale. Thketdinodel is also used to calculate projections of the
numbers of noncompliant cylinders. The direct-modejgations do account for statistical error in the
regression parameter estimates and should be sommovisarvative in that respect.

In the indirect model, maximum pit depths are relabegige by a power-law—if the fitted power-law slope
is between 0 and 1. If the fitted slope is not betv@eand 1, then the slope is set to 1, and the model in
which corrosion increases linearly in time is usedidad. For the data and eight of the seventdieey
subpopulations considered in this report, the power-las dot fit, and the slope-set-to-one model is used
instead. The failure of the power-law model is duleadt in part to limitations of the cylinder thiees

data. For various reasons, including a tendenaysipeictions to focus on deficient rather than good
cylinder wall areas, minimum and maximum wall thiclexegeasurements have sometimes been
incompatible, and the power-law has not fit the maximpitrdepth data very well. These difficulties with
the indirect model were the primary reason for aeréng the direct model.

With the exception of some of the Portsmouth cylindres sampling process is cross-sectional: each
scanned cylinder is scanned during only one fiseat.y Both the direct and indirect corrosion models
suggest the ETTP thin-wall cylinders, both K-yard @motand the remainder, are the most likely to fail
various thickness specifications. The next most valile groups are the thin, skirted bottom cylinders and
PGDP former G-yard bottom cylinders.

Projections based only on measurements made beforedtigg2st that projections for upper thickness
criteria (250, 500, or 100 mils respectively for thin-wddick-wall, or 2" cylinders) are approximately
correct. For both the direct and indirect modelsjgations of number of cylinders that fail the O (bigac

or 62.5 mil criteria seem too conservative. Howetrex projected counts for the 0 and 62.5 mil criteria are
substantially reduced if only a small percentage ofXfianeasurements are dropped from the
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analysis. This suggests that the cylinders correspgiio these measurements should be reevaluated to
either confirm or reject the previous results.

L ongitudinal-Study Possible Alternative. A possible alternative to cross-sectional monitpriould be
longitudinal monitoring, with cylinders measured npl#itimes over the years. A randomly selected sample
of cylinders measured repeatedly over the years caula as bellwethers for all of the cylinders. Beea
each cylinder in such a sample could serve as itscommnol, changes in the sample could be measured
more precisely than in cross-sectional samples. I&imiscanning the same cylinders would compensate
for measurement bias.

However, there are disadvantages to a longitudpaaach: (1) Though the approach would compensate
for biases in the measurements that are consistentykear to year, it would not compensate for biases due
to changes in the measurement method such as chiamggsument calibration or the change from P-
scanning to manual UT scannitfg(2) Because corrosion is a very slow process, itav@Ke a long time

to acquire enough longitudinal data to model corrosftectively. The great majority of UT data alrgad
collected has been sampled on a cross-sectionaldrakis needed to support near-term decisions about
cylinder movements and dispositions. (On the dth@d, many Portsmouth cylinders measured FY95-02
have been measured during more than one year. Tyloskecr scan results could be incorporated into a
longitudinal model.) (3) Finally, though an express dije in the cylinder monitoring is characterizatio
inspection is also a goal. Because year-to-yeargelsagre so small, there is little point, from the
perspective of inspection, in re-scanning the saniedeys. Measuring the same cylinders year after yea
diverts resources that could be used to scan cylitiolgtsvere not scanned previously. In a cross-sedtion
approach, new cylinders are scanned and thus inspathd/ear.

For these reasons, the cross-sectional monitogpgoach seems preferable.

Limitations. Projecting cylinder conditions into the future be basis of data collected with different
goals, sampling schemes, and measurement methadiifficult task, the limitations of which should be
understood. Because it is less flexible and data aliesrdo not affect it as easily, the direct camos
model seems to fit the cylinder thickness data b#teen the indirect model. Yet while less flexilyilis an
advantage in dealing with noisy or anomalous datar be a disadvantage in reflecting the underlying
physics of the corrosion process. And although trezedmodel seems to fit the cylinder data better,
projections based on the two models are similar. ;Tihese does not yet seem to be ample evidence to
support the choice of either corrosion model ovemwther.

For both the direct and indirect approaches, relétitbe variability of the data, corrosion appears to be
only weakly related to cylinder age. That cylintieicylinder variability is substantial, even for eglers of
the same age and grouping, is obvious from Figures 1-8¢ertlieless, age has an important and
statistically significant effect on the corrosiorogess, and the oldest cylinders are of greateseoon

Tables 9A and 10A of subpopulation-wide numbers of cylindejeqed to fall below the various
thickness criteria can be misleading if careful ditberis not also paid to the oldest and most vulnerabl
cylinders in each cylinder subpopulation. Previousatof this report have not focused on age-specific
projections, but attention should nevertheless also ide@arojections by both age and subpopulation, for
example, as in Table 12.

2The cross-sectional approach does not compensatedioges in the measurement method either.
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The following caveats and limitations should be kaphind when considering this report:

e |mplicit in either the direct or indirect modelsan assumption of age invariance—that newer or
older cylinders alike had similar corrosion wheeythvere the same age. The distributions of pit
depths or wall thicknesses for 10 year old cylinders given population are assumed to be the
same no matter when the cylinders were measured.

® Storage (e.g., ground contact) conditions have awhfay many cylinders.
® Environmental changes such as acid rain are nouatsbfor.
® Cylinder sampling was not always random.

® |iterature data for the atmospheric corrosion ofl stéght not apply to cylinder corrosion
modeling, for example because of the thermal inertthetylinders.

® |n the indirect model, the maximum pit depth data aig estimates, because initial wall
thicknesses are estimates from maximum wall thiclesess

® Age and population-specific projections should be coreiblier addition to projections by
populations for all ages

Conclusions and Recommendations. Corrosion projections made in this report are bageghalyses that
account for cylinder subpopulations and ages. A mytiather variables are not accounted for, however.
Examples include how many use cycles the cylinders themigh, how many nicks and scrapes, and the
nature of former surface coatings, now perhaps long.gdhere are variations in how the UT or P-scan
measurements were made. The subpopulations themseh@dyaknown approximately and in a few cases
even the ages are approximate.

Because of extraneous sources of variation and othepapations, corrosion physics is blurred in the
statistical noise. Thickness measurements varylywédeut their model-based predictions. In this context
because there is not a definitive model choice basedmwosion physics, it does not make sense tmtry t
resolve fine differences between either the detestigror stochastic components of plausible corrosion
models. The choice is not going to be clear. Iteiger to focus on general model behavior and on data
quality and quantity, so that laws-of-large numbertailibw a general corrosion signal to be resolvednfr
the statistical noise.

A indirect-model refinement that nevertheless mightonsidered would be the extreme value (statistical)
distribution. (The direct model approach considered lsenonparametric—not based on any parametric
distribution—though direct minimum thickness models calda be formulated with extreme-value error
distributions.) The extreme value distribution has aiphy/basis for models of minima or maxima, and
might provide an alternative to the indirect modielttdoes not fail to conform with the power-lawan s
many cases. The failure of the power-law model inyn@ases might be due to improperly weighting the
data in the model fitting, and the weighting iseflection of the underlying statistical distributiend.,
lognormal) that the indirect model assumes.

The following are the main recommendations of thjgort:
® The projections in this report are based on the assompiat historical trends will continue.
However, many of the yards are being improved. @Qglis are being painted. When such changes

can be quantified and accounted for, future analysegdsimzorporate them through adjustments
to subpopulation definitions.
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® As it appears unlikely that apparent discrepancies betiesgan and manual UT results will
ever be resolved, and as many new manual UT measusehase been made in recent years,
P-scan data should be deprecated in favor of the mbifudhta that is superseding it.

e Although the direct model appears to fit the UT cydinthickness data better than the indirect
model, that conclusion is still tentative. Untitlaarer picture is established, cylinder thickness
data should be analyzed using both the direct anceeidinodel approaches.

® Cylinders with manual UT scans identified in thipog as outliers (Table 11) substantially
influence the corrosion projections. These cylind&suld be measured again to confirm or
correct their thickness measurements. Alternativélse outlier criteria used for this report
(maximum pit depth > 160 mils for the indirect model, esgion residual < -20 mils for the
direct model) should also be explored.
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Figure1l. Maximum pit depth estimatesfor ETTP thin (P-scan data) cylinders. In Figures1-17,
points above 160 mils are highlighted (yellow), and those points are excluded from Table 9B.
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Figure2. Maximum pit depth estimatesfor ETTP thin, K-yard bottom cylinders.
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Figure4. Maximum pit depth estimatesfor PGDP thin (P-scan data) cylinders.
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Figure 14. Maximum pit depth estimatesfor ETTP/PGDP/PORT Sthin skirted btm cylinders.
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Figure 15. Maximum pit depth estimatesfor ETTP/PGDP/PORT Sthick skirted cylinders.
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Figure 17. Maximum pit depth estimatesfor ETTP/PGDP/PORTS 1/2" (30" dia.) btm cylinders.
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Figure 19. Minimum thicknesses (top) and age distribution (below) for
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Figure 20. Minimum thicknesses (top) and age distribution (below) for

ETTP thin, except K-yard bottom cylinders.
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PGDP thin (P-scan data) cylinders.

110



400"
@ |
— 300"
é ]
‘
x 4
U 4
= 200°
=
S ]
> |
£
= ]
= 100
1le o o pata 62.5 mils
1T Fitted Line
] 99% Normal-Theory LCL
] 99% Large-Sample LCL
07\‘ I I [T I [TrTTTTTTTg I I I I I I
CHOEDIPOEBRDLEDB D
Age(Years)
» 600
G 500
T 400
S 300
> 200
O 100

COC TR NP VDL FRIRRNPVDOSDDLEBABR BT DT %
Age-in-2003

Figure22. Minimum thicknesses (top) and age distribution (below) for
PGDP thin bottom, former G-yard cylinders.
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Figure 23. Minimum thicknesses (top) and age distribution (below) for

PGDP thin btm, excpt fmr G-yard cylinders.
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Figure 24. Minimum thicknesses (top) and age distribution (below) for
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Figure 25. Minimum thicknesses (top) and age distribution (below) for
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Figure 26. Minimum thicknesses (top) and age distribution (below) for
PORTSthin top cylinders.
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Figure 27. Minimum thicknesses (top) and age distribution (below) for

PORT S thin bottom cylinders.
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Figure 28. Minimum thicknesses (top) and age distribution (below) for

ETTP/PGDP/PORTSthick top cylinders.
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Figure29. Minimum thicknesses (top) and age distribution (below) for

ETTP/PGDP/PORTSthick bottom cylinders.
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Figure 30. Minimum thicknesses (top) and age distribution (below) for
ETTP/PGDP/PORTSthin skirted top cylinders.

119



400"
________________________________ s. l!:!'
) B
—= 300" :
S ] :
¢ .
x 4
U 4
= 200°
=
S ]
> ]
£
S o
= 100 |
1le o o pata 62.5 mils
1T Fitted Line
] 99% Normal-Theory LCL
] 99% Large-Sample LCL
07\‘ I I [T I [TrTTTTTTTg I I I I I I
CHOEDIPOEBRDLEDB D
Age(Years)
1500
[}
T 1000
=
=, 500
@)
0

PR RRCRC AV AR N AN AR AR R e R U DR S R R AR R R S R e
Age-in-2003

Figure 31. Minimum thicknesses (top) and age distribution (below) for
ETTP/PGDP/PORTSthin skirted btm cylinders.
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Figure 32. Minimum thicknesses (top) and age distribution (below) for
ETTP/PGDP/PORTSthick skirted cylinders.
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Figure 33. Minimum thicknesses (top) and age distribution (below) for
ETTP/PGDP/PORTS 1/2" (30" dia.) top cylinders.
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Figure 34. Minimum thicknesses (top) and age distribution (below) for
ETTP/PGDP/PORTS 1/2" (30" dia.) btm cylinders.
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Figure 35. Residuals from minimum thicknessregression. Residuals below -20 milsare
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APPENDIX B: PROBABILITY AND CONFIDENCE BOUND
CALCULATIONSFOR THE INDIRECT MODEL

B.1. Cumulative distribution function for the difference of two distributions

The indirect-model methods discussed in this reperbased on the model

M(t) = C, - P(t)

whereM(t) is the minimum wall thickness at cylinder agB(t) is the maximum corrosion depth, abglis
the initial thickness. By the discussion in Secothis approximation is conservative in the sense tha
M(t) > C,-P(t). BothP(t) andC, are taken as random, and estimating the numbetinfless that have a
minimum thickness below a certain thicknestails estimating the probability th@g - P(t) < z. Since
C, andP(t) are both random, this probability is not as stragyitérd as probabilities faZ, andP(t)
separately (except for certain special cases, suchasR({th andC, are both normally distributed, in
which case their difference is also normal). s #ection, the method is developed for calculating
probabilities abouC, - P(t).

General Formula. LetZ=X-Y, whereX andY > 0 are independent random variables, with cumulative
distribution functions (cdfs) F and G respectively.effh

Prob(Z<2) = Prob(X-Y<2) = Prob(Y>X-z) = } f d&(y) dF(x) = }(1—G(x—z)) dF(x).

x=z{y>x-2z}

Therefore

Prob(zZ<2z = }(1 -G(x-2)dF(X).

For G lognormal with log-scale mean and variance p @hnthis is

}(1—@(7'09("‘2) ‘“)) dF(x) - } @ ( H-logx-2) "09("‘2)) dF(x). (B.1)
(¢} (o)

X=z X=z

where® denotes the standard normal cumulative distributioatiom

Integral (B.1) can be evaluated using the adaptive quadrmethod described in Burden and Faires
(1989). With this method, subintervals are determindtiainthe integral is approximated with the desired
accuracy using Simpson'’s rule on each subinterval. ¢hetbod is generally faster than simpler
integration methods to achieve the same accuracybedthe ultimate subdivision that is used need not be
uniformly spaced over the entire interval of integmatthe subintervals can be selected on the badmeof t
desired accuracy and the variability of the functmbeé integrated.)
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Application. In this reportF is the cdf for the initial thickne<s,, which has a truncated normal
distribution, ands is the cdf for the pit depti(t) at a fixed time, which is lognormal with mean of the
logarithm of the values qf(t) and standard deviation of the logarithm of thieies ofo.

By the formula above

Prob(C,-P(t) <2) - }q)(—“(t) "09("‘2)] dF(x),
(o}

X=z

where the cdf F is truncated normal: for an intefa#] and meam' and standard deviation

0 if x<a
) Nxp'e)-N@u's) .
F(X) = N(b: o) -N (@ o) if a<x<b
1 if x>b

whereN(x;m,9 = @((x-m)/s).
B.2. Calculation of Upper Confidence Limits

In the methods used in this report, the maximum pit defjhis modeled using a lognormal distribution,
with eitherP(t)~log( 1., o,)xt (slope set to 1) dP(t)~log(log (A) + n log (), 0,), and the parameters are fit
with the available UT data. The expected number afidstts with a minimum thickness below a certain
thicknessz by a given timdl is calculated as

zi: Prob (C,-P(t,) < z)x { Number of cylinders of age at timeT} (B.2)

where the sum is over all age classes for the @fipdpulation of interest.

Given the initial thickness and pit depth distributiaim® probabilities in (3) can be estimated using
estimates of the initial thickness and pit depthritistions and the numerical approach discussed above. In
this subsection confidence limits for (B.2) are dgwetbto account for uncertainty in the estimates opihe
depth distribution. The uncertainty in the initialchness distribution is assumed to be negligible.

The approach taken to calculating a UCL for the sur®)(iB.based on the Bonferroni inequality, which can
be used to determine a valwsuch that if an upper 18% confidence limit is used for each term in the
sum, the final sum will be bounded with at least 95% denfie. However, although expression (3) may
have up to 25 terms (i.e., for as many as 25 differezg)athe statistical distributions of all of the term
depend on just three parameters—the intercept, slopestamdard deviation from the regression of log-
depth on log-age (with uncertainty in the initiacttriess distribution assumed negligible). Thereforet jo
confidence limits for the pit depth at each age remtes! in (B.2) can also be computed from joint
confidence limits for the three parameters. Thigests that a more efficient use of the Bonferroni
approach would be to use it to derive joint confideimid for the three parameters, rather than joint
confidence limits for all of the terms in (B.2).
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Furthermore, a refinement of the three-parameterdéBorii approach is possible. Joint confidence limits

for the intercept and slope can be used to deriveljiitits for the pit depth log-scale means)fta + b

log(t) for each age.t But joint confidence limits for the intercept asidpe imply joint confidence limits for

all points on the curve p(t) = a + b log(t), including, éeample, points for ages such as t = 10,000 years or
t =-10,000 years. In the cylinder modeling, howeve,anly confidence limits for points on the regressi

line that are needed are confidence limits for goiarresponding to ages of concern—in the range aftabo

0 to 75 years. As Figure 37 illustrates, the line thatfpmlates joint UCLs for the regression line at the
endpoints of a range of interest is in fact a jol@L for all points on the regression line in thatge.

Because their range is restricted, joint UCLs basethe line restricted to the interval, tend to lpater

than UCLs for the whole line, based on confidenmitdi for the intercept and slope.

Combining equation (B.1) and expression (B.2) gives

) {Number of cylinders of ageat timeT f

: ( M] 400 89

for the number of cylinders at time T for which th&kness criterion z is violated. It is straigintfard to
show that expression (B.3) is increasing in each. pilherefore, for any gives, a UCL for expression
(B.3) can be obtained by substituting UCLs for the indigld.L(f). A grid search i, for ¢ in a confidence
interval, can the be used to determine an overall BCIB.3). A confidence interval far is can be
obtained as follows.

Ina Iognormal regression with d degrees of freedbmmean squared error (MSE) is an unbiased estlmate
of 6%, and d x MSE 6° has a chi-square dlstrlbutlon with d degrees ofiyee It follow thathMSElX

and d><MSE/X1 , are upper and LCLs fof, whereX and>(l . denote theand le percentiles of the
chi-square distribution with d degrees of freedome Stuare roots of the confidence limits are conéiden
limits for 6. The Bonferroni procedure can be used to chaasethat these confidence limits are joint with
the interval-endpoint confidence limits discussed abov

=
2
&
@
c
)
Q.
X
@®
£
8 |
Tl log(age) T2

Figure 37. Example of a joint confidence line overraerval, based on two joint
UCL’s computed at endpoints T1 and T2 of the interval.
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